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ABSTRACT 
The photoluminescent pro p e r t i e s of a wide range of 
sin g l e c r y s t a l s of zinc selenide have been examined at 
l i q u i d n i t r o g e n and helium temperatures. The c r y s t a l s 
were grown e i t h e r using a continuous flow process or i n 
sealed capsules i n c o n t r o l l e d p a r t i a l pressures of zinc 
and selenium. Crystals doped w i t h a number of acceptor 
and donor-like i m p u r i t i e s have been studied as have 
nominally pure samples. The object of the work was t o 
determine whether there was any c o r r e l a t i o n between the 
observed edge emission spectra and the c r y s t a l growth 
co n d i t i o n s . Transmission and absorption spectra have 
also been i n v e s t i g a t e d . 
At temperatures below 10 K the luminescence emission 
of ZnSe i n the v i c i n i t y of the band gap consists of a 
series of sharp l i n e s and broad bands. The sharp l i n e s 
are i d e n t i f i e d as 1^ and l i n e s which are associated 
w i t h the recombination of excitons bound t o n e u t r a l 
acceptors and donors r e s p e c t i v e l y . At l e a s t two d i f f e r e n t 
1^ l i n e s and one l i n e have been observed. Their o r i g i n 
i s discussed. 
The broad band emission close t o the band gap con-
s i s t s of p a i r s of series of bands. One component of the 
p a i r i s the high energy series (HES) while the other i s 
the low energy series (LES). The HES i s associated w i t h 
the recombination of a fr e e e l e c t r o n and a bound hole. 
This leads t o the zero phonon band of the ser i e s , the 
remaining members of the series are l o n g i t u d i n a l o p t i c a l 
phonon r e p l i c a s . The LES i s associated w i t h d i s t a n t p a i r 
recombination between electrons bound at shallow donors 
and holes bound at the same acceptors which are responsible 
f o r the HES. The LES also consists of a zero order member 
and phonon r e p l i c a s . Three d i f f e r e n t p a i r s of high and low 
energy series have been observed. The appearance of 
p a r t i c u l a r p a i r s i s determined by the way i n which the 
c r y s t a l was grown r a t h e r than by the nature of the i m p u r i t i e s 
added. 
From the s p e c t r a l l o c a t i o n s of the HES components 
three possible acceptor l e v e l s w i t h i o n i s a t i o n energies 
of 0.095/ 0.112 and 0.122 eV have been found. I n undoped 
c r y s t a l s the donor i o n i s a t i o n energy i s 32 meV. Chlorine 
and aluminium i m p u r i t i e s lead t o donors w i t h i o n i s a t i o n 
energies of 27 meV while the indium donor has an i o n i s a t i o n 
energy of 29 meV. The mean separation of the donors and 
acceptors c o n t r i b u t i n g t o the d i s t a n t p a i r band i s estimated 
o 
t o be of the order of 100 A. 
A number of luminescence bands associated w i t h deep 
centres have also been studie d , i n p a r t i c u l a r i n c r y s t a l s 
doped w i t h copper or manganese. The o r i g i n of these bands 
i s discussed. 
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CHAPTER 1 
PROPERTIES OF ZINC SELENIDE 
1.1 I n t r o d u c t i o n 
Zinc selenide i s a member of the group of compounds, 
which are formed from the elements of group I I B and VIB of 
the p e r i o d i c t a b l e . Most of these compounds are semiconductors 
or i n s u l a t o r s which c r y s t a l l i s e i n an arrangement where each 
atom i s a t the centre of a regular tetrahedron. I n ZnSe 
each atom i s spaced 2. 458 d i s t a n t from the nearest neigh-
bouring atoms of the opposite kind which l i e at the corners 
of the tetrahedron. The tetrahedra can e i t h e r be arranged 
2 
i n t o a cubic zinc blende form, w i t h the Td -F 43m space group, 
or i n t o a hexagonal, w u r t z i t e form w i t h space group 
4 C r - P6 mc. The most s t a b l e phase of ZnSe i s the cubic 6v s 
blende type s t r u c t u r e i n which the Zn and Se atoms each l i e 
on a face-centred cubic s u b - l a t t i c e , the two s u b - l a t t i c e s 
being displaced r e l a t i v e t o one another by one quarter of the 
body diagonal of the cube. The l a t t i c e parameter i n the cubic 
m o d i f i c a t i o n i s a=5.668 ( 1 ) . ZnSe can also e x i s t i n the 
hexagonal m o d i f i c a t i o n , depending on the methods of synthesis 
used, the growth temperature, and subsequent heat treatment 
(2,3,4). 
The e l e c t r i c a l and o p t i c a l p r o p e r t i e s of zinc 
selenide can be explained i n terms of the e l e c t r o n i c band 
s t r u c t u r e , which u n f o r t u n a t e l y has not yet been f i r m l y 
e s t a b l i s h e d . However the physical properties of i n t e r e s t 
i n t h i s t h e s i s , depend only on the form of the maximum of 
the valence band or the minimum of the conduction band which 
i n ZnSe are at k=0 at the centre of the B r i l l o u i n zone. The 
normally accepted values f o r the d i r e c t energy gap at 
( - ? jMnm 
\ . , S E C T I O N 
/ f i t . 1 A R V 
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temperatures of 300 K (room), 79 K (near l i q u i d n i t r o g e n ) , 
60 K (near pumped l i q u i d n i t r o g e n ) , and 4.2 K ( l i q u i d 
helium) are 2.67, 2.809, 2.813 and 2.818 eV r e s p e c t i v e l y (5,6). 
Pure s t o i c h i o m e t r i c zinc selenide i s normally n-^ype 
+12 
w i t h a r e s i s t i v i t y of the order of 10 tohm-cm, so t h a t i t 
i s an i n s u l a t o r at room temperature. However, l a t t i c e 
defects and d e l i b e r a t e l y introduced i m p u r i t i e s lead t o 
d e v i a t i o n s from stolchiometry i n the ZnSe c r y s t a l so t h a t 
i m p u r i t i e s g r e a t l y A f f e c t the e l e c t r i c a l and o p t i c a l 
p r o p e r t i e s . The e f f e c t s of such imperfections and some 
in f o r m a t i o n concerning the band s t r u c t u r e are described i n 
t h i s chapter. The p r i n c i p a l properties and a p p l i c a t i o n s of 
zinc selenide c r y s t a l s are also reviewed. 
1.2 E f f e c t s of c r y s t a l imperfections i n ZnSe 
In general the I I - V I compounds are less pure than 
the group IV elemental semiconductors such as Si or Ge, or 
the I I I - V compounds, because the w e l l established p u r i f i c a -
t i o n methods used w i t h these semiconductors cannot be 
u t i l i z e d . This i s because most I I - V I compounds can only 
be melted under high pressure, therefore c r y s t a l growth from 
the melt involves high temperatures w i t h the attendant p o s s i b i l -
i t i e s of container contamination, and decomposition leading 
t o non-stoichiometry. I n consequence c r y s t a l s are grown by 
sublimation or by high temperature vapour r e a c t i o n of the 
elements. Although the r e s u l t a n t c r y s t a l s are of high p u r i t y , 
t r a c e contamination o f ^ t h e order of 1 ppm i s s t i l l present. 
Comparatively l i t t l e i s known about the p r o p e r t i e s of sub-
s t i t u t i o n a l i m p u r i t i e s i n ZnSe. 
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Various i n v e s t i g a t o r s have attempted t o study the 
mechanism of c r y s t a l growth by examining the c r y s t a l 
morphology, c r y s t a l surfaces, and s t r u c t u r a l imperfections. 
C r y s t a l l i n e imperfections such as d i s l o c a t i o n s , twinning, 
stacking f a u l t s and low angle boundaries have been discussed 
by Gezci and Woods (7 ) . 
The most important p o i n t defects are probably 
l a t t i c e vacancies and i n t e r s t i t i a l s . Anion vacancies and 
c a t i o n i n t e r s t i t i a l s would be expected t o introduce donor 
states i n the energy gap, whi l e cation vacancies and anion 
i n t e r s t i t i a l s would introduce acceptor s t a t e s . Foreign 
elements such as the halogens are important i m p u r i t y defects. 
Shallow donor l e v e l s some 0.19 eV below the conduction band 
are formed when c h l o r i n e i s s u b s t i t u t e d f o r selenium (8). 
The Group I I I , metals such as A l , Ga and I n s u b s t i t u t e d f o r 
zinc produce s i m i l a r shallow donor l e v e l s . An important 
defect centre i s also formed from an association of a 
donor i m p u r i t y i o n and a zinc l a t t i c e vacancy i n nearest 
neighbour c o n f i g u r a t i o n (8,9). This i s the so-called 
A-centre and i s thought t o be responsible f o r s e l f - a c t i v a t e d 
luminescence. 
S u b s t i t u t i o n a l i m p u r i t y ions from group IB (Cu, Ag, 
Au) form acceptors because they r e a d i l y accept an e l e c t r o n 
from the covalent band s t r u c t u r e (10). Copper and manganese 
i m p u r i t i e s are w e l l known as luminescent a c t i v a t o r s w hile 
Fe, Ni and Co act as k i l l e r s both of luminescence and 
photo c o n d u c t i v i t y (11,12). Divalent copper ions form double 
acceptors w h i l e zinc vacancies form acceptors w i t h very 
s i m i l a r p r o p e r t i e s . 
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1.3 Band s t r u c t u r e of ZnSe 
The band s t r u c t u r e of ZnSe cryst a l s has been calcu-
l a t e d by a v a r i e t y of methods and some extremely useful 
review a r t i c l e s have been w r i t t e n by numerous workers (13-38) 
i n t h i s f i e l d . C alculations are normally concerned w i t h the 
energy separation between the s - l i k e conduction band states 
and the p - l i k e valence band states. The conduction band of 
zinc selenide may be considered t o o r i g i n a t e from the 4s 
atomic l e v e l s of the zinc ions while the valence band 
o r i g i n a t e s from the 4p atomic lev e l s of the selenium ions. 
The zinc blende s t r u c t u r e i s i d e n t i c a l t o the diamond 
s t r u c t u r e as f a r as the B r i l l o u i n zone i s concerned. The 
main d i f f e r e n c e between the energy bands of diamond and zinc 
blende (see Figure 1.1) i s at the p o i n t X= (1,0,0) 2u/a of 
the B r i l l o u i n zone (Figure 1.2) where the e x t r a degeneracies 
associated w i t h diamond are l i f t e d . Herman (14 a,b,c) 
developed a semi-empirical method of deducing the e l e c t r o n i c 
energy band s t r u c t u r e of zinc blende materials from those 
of the diamond type m a t e r i a l s , germanium and s i l i c o n . 
The B r i l l o u i n zone of the zinc blende s t r u c t u r e i s 
a truncated octahedron which i s shown i n Figure 1.2. The 
constant energy surfaces consist of a number of e l l i p s o i d s , 
which l i e at the symmetry points corresponding t o the minimum 
values of e l e c t r o n energy. The high symmetry points and 
l i n e s o f the B r i l l o u i n zone are the zone centre ( r ) , and 
the i n t e r s e c t i o n s w i t h the zone faces (L, X, K) on the [111], 
[100] and [110] symmetry axes r e s p e c t i v e l y . The deepest 
minima may also occur i n s i d e the zone along the symmetry 
axes and i t i s thought t h a t f o r the conduction band of ZnSe 
there are two minima, r . and r n at k=0, which correspond 
I 
5 
L r x K r 
F i g u r e 1. 1 Energy band s t r u c t u r e of ZnSe along 
the [111] , the(lOO] , and the [110] syinnetry axes 
c a l c u l a t e d by the pseudo-potential method (39) 
V 
k 
F i g u r e 1. 2 The B r i l l o u i n zone f o r the l a t t i c e s 
va.th the t r a n s l a t i o n c l symmetry of a fa c e centred 
c u b i c l a t t i c e * 
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t o two- and s i x f o l d spin degeneracy. The l e v e l i s 
associated w i t h the s-electrons and r^,- w i t h the p-electrons. 
The other p o s i t i o n s i n k-space where the lowest minima can 
be observed on the [111] symmetry axis are at or and 
also on the [100] symmetry axis at X^ and X^ i n the con-
ductio n bands, but the energy gap i s r a t h e r wide along the 
[100] symmetry ax i s . 
The best estimate of the c o n f i g u r a t i o n of the con-
ductio n and s p i n - o r b i t s p l i t valence bands of a zinc blende 
c r y s t a l near k=0 i s shown schematically i n Figure 1.3. The 
i r r e d u c i b l e representations f o r the s i n g l e groups are given 
w i t h i n the parentheses. The dashed curves i n the upper 
valence bands represent the e f f e c t s of the small l i n e a r 
terms (15). The valence bands of zinc selenide have two 
nearl y p a r a b o l i c bands w i t h d i f f e r e n t curvatures touching 
at centre o f the zone. The Tg term s p l i t s i n t o two bands 
r e s u l t i n g i n a heavy hole band, V^, and a l i g h t hole band, 
, which are four f o l d spin degenerate. The lowest valence 
band s t a t e ( r . _ ) which forms the V,-band i s two f o l d spin l b o 
degenerate. 
I n ZnSe the concept of the Fermi surface i s 
r e l a t i v e l y unimportant, although i t plays a r o l e i n h i g h l y 
doped ZnSe c r y s t a l s . O p t i c a l methods provide the major 
t o o l s f o r i n v e s t i g a t i n g the e l e c t r o n i c band s t r u c t u r e of 
ZnSe. Absorption and r e f l e c t i o n measurements y i e l d the 
frequency dependent d i e l e c t r i c constant which depends on 
the j o i n t density of states of the valence and conduction 
bands (16). Two-photon absorption gives a d d i t i o n a l informa-
t i o n since the s e l e c t i o n r u l e s are d i f f e r e n t from those i n 
a simple absorption measurement (17). Photoemission 
\ E ( k ) / 
6 « ) 
(iTs) 
II 
/// \ v 2 
/ 7 © \ 
V3 
(0,0,0) 
k 
\ 
• ? injure 1,3 The conduction and s p i n - o r b i t s p l i t 
; v a l e n c e "bands of a z i n c blende c r y s t a l around k»0. 
1 
i 
i 
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experiments y i e l d i n f o r m a t i o n about the density of states 
i n a r a t h e r involved form (18). Edge emission measurements 
help t o i d e n t i f y energy l e v e l s associated w i t h defects 
which p e r t u r b the l a t t i c e (19). A l l these methods may be 
extended by using an e x t e r n a l l y applied f i e l d so t h a t the 
s e l e c t i o n r u l e s are changed, or energy l e v e l s s p l i t . 
I n the one-electron approximation the energy 
spectrum and wave funct i o n s i n the B r i l l o u i n zone are 
s u f f i c i e n t t o e x p l a i n excitons (20), the l i n e width and 
shape of absorption peaks (21) , and the behaviour of acceptor 
or donor states (19). The energy band scheme can be used 
su c c e s s f u l l y as a s t a r t i n g p o i n t i f the ele c t r o n - h o l e , 
e l e c t r o n - e l e c t r o n and electron-phonon i n t e r a c t i o n s are not 
too strong. The e f f e c t i v e mass approximation i s extremely 
valuable i n the d e s c r i p t i o n of tran s p o r t p r o p e r t i e s of semi-
conductors (22). E l e c t r o n i c charge d e n s i t i e s i n ZnSe may 
be c a l c u l a t e d using wavefunctions r e s u l t i n g from band calcu-
l a t i o n s (23) and these have been compared w i t h X-ray 
measurements (24,25). 
The methods which have been employed t o c a l c u l a t e 
the band s t r u c t u r e of zinc selenide may be summarised as 
f o l l o w s : -
1. The OPW method: (26 ,27,28). This uses Herring's 
idea t h a t the c r y s t a l wavefunction i s plane-wave-like i n 
the interspace between the atoms c o n s t i t u t i n g the c r y s t a l , 
and a mixture of the plane-wave and core states w i t h i n the 
e l e c t r o n s h e l l s o f the ions. 
2. The APW method: (29,30). I n t h i s approximation 
the c r y s t a l l i n e wave funct i o n s are plane-wave-like i n the 
space between ions and s i m i l a r t o atomic functions i n the 
close neighbourhood of the n u c l e i . 
3. KKR method: (31,32,33). ,The method named a f t e r 
K o r r i ga, Kohn and Rostoker (31) , has long been considered 
mathematically f a s c i n a t i n g but i n p r a c t i c e i s i n f e r i o r t o 
other methods such as OPW and APW. 
4. The pseudopotential scheme (34,35,36). This method 
was the most r e v o l u t i o n a r y scheme i n the h i s t o r y of band 
s t r u c t u r e theory. The idea i s based on the OPW formalism. 
H i s t o r i c a l l y two developments were made i n the construction 
o f pseudopotentials. The f i r s t , which one might c a l l the 
semi-empirical method, f a l l s back on experimental data 
provided by atomic spectroscopy t o define a model p o t e n t i a l . 
The second, o f t e n c a l l e d the f u l l y - e m p i r i c a l method, f i t s 
pseudopotentials d i r e c t l y t o s o l i d s t a t e data and i s based 
on the f r e e - e l e c t r o n exchange approximation. 
5. The LCAO method and mixed schemes: (37,38). The 
t i g h t - b i n d i n g or LCAO ( l i n e a r combination of atomic o r b i t a l s ) 
method i s f r e q u e n t l y employed today. Successful a p p l i c a t i o n 
of t h i s method i s r e s t r i c t e d t o f l a t bands, such as the 
valence bands of molecularly bonded semiconductors or i o n i c 
c r y s t a l s . 
The f i r s t e l e c t r o n i c band s t r u c t u r e c a l c u l a t i o n 
f o r ZnSe was done using the empirical pseudopotential method 
(39). The authors c a l c u l a t e d the band s t r u c t u r e of zinc 
selenide and t h i r t e e n other semiconductors w i t h the zinc 
blende s t r u c t u r e , e s s e n t i a l l y by f i t t i n g t o experimental 
data on the r e f l e c t i v i t y and photoemission (40,41). 
The a p p l i c a t i o n of the e m p i r i c a l pseudopotential 
method and the c a l c u l a t i o n of the e l e c t r o n i c s t r u c t u r e of 
some I I - V I semiconductors have been reviewed by Cohen (35). 
Results were presented f o r CdTe, ZnS, ZnSe w i t h the zinc 
blende s t r u c t u r e . Herman e t a l (27) ca l c u l a t e d the 
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e l e c t r o n i c band s t r u c t u r e for nine cubic I I - V I compounds 
using the perturbed energy band model. They evaluated band 
s t r u c t u r e s for cubic z i n c selenide which made use of the 
experimental work on photoemission by Aven et a l (41) and 
of the r e f l e c t i v i t y data c o l l e c t e d by Po l l a k (42). Walter 
et a l (43) reported d e t a i l s of the r e f l e c t i v i t y data for 
cubic ZnTe and ZnSe at 15 K and 300 K. The i r r e l a t i v i s t i c 
energy band s t r u c t u r e s f o r ZnTe and ZnSe were c a l c u l a t e d 
using the e m p i r i c a l pseudopotential method, modified by 
s p i n - o r b i t coupling. They a l s o c a l c u l a t e d the imaginary 
p a r t of the frequency dependent d i e l e c t r i c function, the 
r e f l e c t i v i t y and the logarithmic d e r i v a t i v e of the 
r e f l e c t i v i t y R'(W)/R(W). 
Sh o r t l y afterwards the energy band s t r u c t u r e of 
ZnSe was c a l c u l a t e d by means of a Green's function method 
(KKR) by Treusch e t a l (44) using the mu f f i n - t i n p o t e n t i a l . 
T h e i r r e s u l t s explained the most important o p t i c a l t r a n s i t i o n 
from the d-bands to the conduction band. 
C o l l i n s e t a l (45) c a l c u l a t e d the band s t r u c t u r e 
of hexagonal ZnSe using the s p i n - o r b i t matrix elements and 
the c r y s t a l f i e l d s p l i t t i n g s of the valence bands. Stukel 
e t a l (13) reported the high l y self'-consistent OPW band 
c a l c u l a t i o n f o r cubic ZnSe and compared t h e i r r e s u l t s with 
experimental and other t h e o r e t i c a l r e s u l t s . Table 1.1 l i s t s 
the v a r i o u s values of the t h e o r e t i c a l energy l e v e l s which 
have been c a l c u l a t e d for cubic ZnSe using the schemes 
described above (13). 
Measurements of the e f f e c t i v e mass can be used to 
provide information about the curvature of the bands i n 
which the c a r r i e r s move and hence e l e c t r o n (m*) and hole (m*) 
Table 1.1 Comparison of various t h e o r e t i c a l 
e n e r g y - l e v e l schemes for cubic ZnSe. 
L e v e l SC-OPW NSC-OPW ER-OPW ER-KKK Pseudo C a l c . ( e s t ) 
T15c 6.7 7.6 7.7 8.0 7.9 
T i c 2.9 3.2 2.8 2.9 2.9 (2.9) 
ri5v 0.0 0.0 0.0 0.0 0.0 
Zn 3d -12.6 -5.3 -6.3 •*-7.1 
X 3 c 4.5 5.1 5.4 5.1 5.4 
X l c 4.2 5.0 4.2 4.9 4.5 
X 5 v -1.7 -1.3 -1.4 -1.6 -1.5 
X 3 v -4.3 43,7 -3.4 -4.0 
X 3 c " X 5 v 6.2 6.4 6.8 6.7 6.9 (7.2) 
X l c " X 5 v 5.9 6.3 5.6 6.5 6.0 (6.4) 
X 3 c " X l c 0.3 0.1 1.2 0.2 0.9 (0.8) 
L 3 c 7.4 8.1 8.1 8.5 7.9 
L l c 3.8 '4.3 4.5 4.3 4.5 
L» 3v -0.6 -0.5 -0.4 -0.7 -0.5 
l v -4.4 -3 ; 8 -3.7 -4.2 
L 3 c " L 3 v 8.0 8.6 8.5 9.2 8.4 (8.4) 
L l c - L 3 v 4.4 4.8 4.9 5.0 5.0 (5.0) 
- i n -
e f f e c t i v e masses c l a r i f y the d e t a i l s of the band s t r u c t u r e 
at c e r t a i n symmetry p o i n t s . The conduction band at k=0 
i s w e l l described by the e l e c t r o n e f f e c t i v e mass (m*) and 
e 
the maximum energy i n the valence band may be represented 
as two s e t s of s p h e r i c a l surfaces each corresponding to a 
s c a l a r e f f e c t i v e mass. One of these e f f e c t i v e masses m*^  
i s much l a r g e r than the other and the corresponding holes 
are g e n e r a l l y r e f e r r e d to as the heavy holes. A s i m i l a r 
e f f e c t i v e mass m*2 corresponds to the l i g h t holes. The 
f i r s t rough estimates of e l e c t r o n and.hole e f f e c t i v e masses 
were obtained by Aven e t a l (41) using the e l e c t r o n and 
hole m o b i l i t i e s of ZnSe, combined with the reduced mass of 
the e x c i t o n . They found an exciton reduced mass 
]x - (0.10±0.03) m and c a l c u l a t e d e f f e c t i v e masses of 
m* = 0.1 m, and m* = 0.6 m. Aven and S e g a l l (8) obtained 
b e t t e r estimates of the e l e c t r o n e f f e c t i v e mass by f i t t i n g 
the observed temperature v a r i a t i o n of the m o bility to the 
v a r i a t i o n p r e d i c t e d by o p t i c a l mode s c a t t e r i n g . The 
e f f e c t i v e mass was approximately 0.15 m. Subsequently 
Marple (46) determined an e l e c t r o n e f f e c t i v e mass of 
(0.17±0.02) m from measurements of i n f r a - r e d Faraday r o t a t i o n . 
Quite r e c e n t l y Merz e t a l (9) have measured the e f f e c t i v e 
e l e c t r o n mass from the Zeeman s p l i t t i n g of the 2p s t a t e s 
of the donors and they found i t s value to be (0.16±0.01) m 
for ZnSe. 
1.4 E l e c t r i c a l P r o p e r t i e s of ZnSe 
1.4.1 I n troduction 
Measurements of the e l e c t r i c a l p r o p e r t i e s of ZnSe 
provide valuable information concerning the band s t r u c t u r e , 
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the density of c a r r i e r s and the e l e c t r o n s c a t t e r i n g processes. 
These i n t h e i r turn provide information about electron-phonon 
i n t e r a c t i o n s and s p e c i f i c impurity s t a t e s . Although con-
s i d e r a b l e i n t e r e s t has been shown i n the photoluminescence 
and electroluminescence of ZnSe, l i t t l e work has been c a r r i e d 
out on i t s t r a n s p o r t p r o p e r t i e s . The r e s i s t i v i t y of ZnSe 
i s a function of i t s s t a t e of p u r i f i c a t i o n . The r e s i s t i v i t y 
14 
of as grown c r y s t a l s i s very high (^10 ohm-cm) but t h i s 
can be reduced to 10-100 ohm-cm by heating i n molten z i n c 
at 900-1000°C for one or two days. The e l e c t r i c a l conduc-
t i v i t y i s given by o = ney. Both the c a r r i e r concentration 
(n) and mo b i l i t y (y) vary with temperature. The temperature 
dependence of the mobility, gives an i n d i c a t i o n of the 
operati v e c a r r i e r s c a t t e r i n g mechanisms. The p r i n c i p a l 
s c a t t e r i n g mechanisms which are l i k e l y to a f f e c t the mobility 
are b r i e f l y summarized below. This i s followed by an 
account of the e f f e c t s of the absorption of r a d i a t i o n on 
the c o n d u c t i v i t y . 
1.4.2 Mobility 
The m o b i l i t y of e l e c t r o n s i n ZnSe i s l i m i t e d funda-
mentally by the s c a t t e r i n g of conduction e l e c t r o n s by l a t t i c e 
v i b r a t i o n s . Table 1.2 summarizes the temperature dependences 
of m o b i l i t y to be expected for the various l a t t i c e and 
impurity s c a t t e r i n g mechanisms:-
1. L a t t i c e s c a t t e r i n g : L a t t i c e s c a t t e r i n g processes 
are those which r e s u l t from the i n t e r a c t i o n of e l e c t r o n s 
(or holes) with l a t t i c e v i b r a t i o n s . Charge c a r r i e r s 
t r a v e l l i n g through a c r y s t a l have t h e i r m o b ility l i m i t e d 
by t h e i r i n t e r a c t i o n with the thermal v i b r a t i o n s of the i n i t i a l 
Table 1.2 The temperature dependence of mobility 
f o r the p r i n c i p a l c a r r i e r s s c a t t e r i n g 
mechanisms i n I I - V I compounds. 
S c a t t e r i n g Mechanism 
Dependence of mobility 
References Absolute 
Temp.(T) 
E f f e c t i v e 
mass m* 
L a t t i c e : polar 
o p t i c a l mode 
(exp T) 47 
: deformation 
p o t e n t i a l (or 
a c o u s t i c mode) 
T-3/2 48,49 
: P i e z o e l e c t r i c 
mode 
.-3/2 m* ' 50,51 
: I n t e r - V a l l e y T-3/2 
uncer t a i n 
see r e f -
erence 
52 
Impurity: Unionized Sometimes 
determines 
the mobility 
at low 
temperature 
m* 47 
: Ioniz e d T3/2 m* 53 
Ionized d i s l o c a t i o n L i n e a r temp, 
dependence 
m* 54 
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The l a t t i c e can v i b r a t e i n both a c o u s t i c a l and o p t i c a l modes. 
More thermal energy i s required to e x c i t e o p t i c a l mode 
v i b r a t i o n s which are important i n s c a t t e r i n g e l e c t r o n s i n 
i o n i c c r y s t a l s . At moderate temperatures a c o u s t i c v i b r a -
t i o n s become i n c r e a s i n g l y important. Since cubic ZnSe has 
no centre of i n v e r s i o n symmetry a piezo e l e c t r i c p o l a r i s a t i o n 
i s developed by the s t r a i n a s s o c i a t e d with a c o u s t i c v i b r a t i o n s , 
t h i s process leads to a m o b i l i t y which v a r i e s as T \ and i s 
known as p i e z o e l e c t r i c s c a t t e r i n g . Deformation p o t e n t i a l 
s c a t t e r i n g by a c o u s t i c phonons i s r e l a t i v e l y unimportant i n 
l i m i t i n g the majority c a r r i e r mobility i n cubic I I - V I 
compounds. 
2. Impurity s c a t t e r i n g : Impurity s c a t t e r i n g processes 
n a t u r a l l y depend upon the nature of the impurity atoms and 
s t r u c t u r a l imperfections i n the c r y s t a l l a t t i c e . The presence 
of an impurity i n a c r y s t a l w i l l u s u a l l y a l t e r the e l e c t r o -
s t a t i c p o t e n t i a l i n i t s neighbourhood and create an 
a p e r i o d i c i t y i n the p o t e n t i a l f i e l d . Ionized impurity 
s c a t t e r i n g i s u s u a l l y the dominant s c a t t e r i n g process at 
low temperatures, the m o b i l i t y i s dependent on the concentra-
3/2 
t i o n of i m p u r i t i e s and v a r i e s as T . Neutral impurity 
cen t r e s may give r i s e to appreciable s c a t t e r i n g e f f e c t s . 
However,this process i s independent of temperature and hence 
may be of importance at low temperatures when l a t t i c e 
s c a t t e r i n g i s n e g l i g i b l e and most of the i m p u r i t i e s are 
unionized. 
Other mobility l i m i t i n g processes such as c a r r i e r -
c a r r i e r s c a t t e r i n g , i o n i z e d d i s l o c a t i o n s c a t t e r i n g and 
i n t e r - v a l l e y s c a t t e r i n g have been dis c u s s e d i n r e l a t i o n to 
ZnSe but are r e l a t i v e l y unimportant. 
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The f i r s t o p t i c a l and e l e c t r i c a l measurements on 
ZnSe c r y s t a l s were reported by Aven e t a l (41). They 
measured the e l e c t r o n and hole m o b i l i t i e s , and obtained 
2 -1 -1 val u e s of y = 260 cm V sec at 300 K, and e 
2 - 1 - 1 
y h = 15 cm V sec. at 473 K. They a l s o obtained a rough 
estimate of the e f f e c t i v e masses of el e c t r o n s and holes, 
v i z . m* = 0.1 m, m* = 0.6 m. Aven and Segal1 (8) measured 
the temperature dependence of the Hall mobility of el e c t r o n s 
2 -1 -1 
and found y g ^ 720 cm V sec at 100 K. They thought that 
o p t i c a l mode s c a t t e r i n g was dominant and that the piezo-
e l e c t r i c and deformation p o t e n t i a l s c a t t e r i n g processes were 
n e g l i g i b l e . Fukuda and Fukai (55) measured the H a l l mobility 
of e l e c t r o n s i n ZnSe and at low temperatures observed values 
2 -1 -1 
of about 3000 cm V sec at 75 K, which were higher than 
v a l u e s p r e d i c t e d by i o n i z e d impurity s c a t t e r i n g . They 
assumed t h a t n e u t r a l impurity s c a t t e r i n g was important i n 
the low temperature range, while polar o p t i c a l processes 
were dominant at room temperature. 
The r e s i s t i v i t y and H a l l c o e f f i c i e n t of cubic z i n c 
s e l e n i d e c r y s t a l s were measured by Smith (56) at temperatures 
between 500-1000°C i n z i n c vapour. The values of H a l l 
m o b i l i t y obtained did not depend on c a r r i e r concentration, 
or vary appreciably from sample to sample. However, he 
found good agreement between h i s experimental r e s u l t s and 
the t h e o r e t i c a l l y c a l c u l a t e d mobility. He suggested that 
i f the observed values of mo b i l i t y were extrapolated to 
2 -1 
room temperature, the mo b i l i t y should be about 500 cm V sec 
Such a value has i n f a c t been observed (57). 
Woodbury and Aven (58) obtained a maximum mobility 
2 -1 -1 
of 2700 cm V sec at 55.6 K with t h e i r samples, while 
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Aven and Kennicott (59) found higher values of about 
2 - 1 - 1 
7000 cm V sec at 200 K. A higher value s t i l l of about 
2-1 -1 
12000 cm V sec + at 50 K was reported by Aven (60). This 
improvement i n the magnitude of the e l e c t r o n mobility i s 
due p a r t l y to improved p u r i t y of the c r y s t a l s and p a r t l y to 
the discovery of a technique of annealing out nat i v e doubly 
charged defect centres which are respo n s i b l e for a large 
f r a c t i o n of the t o t a l i o n i z e d impurity s c a t t e r i n g . Aven 
used a standard 6 probe measuring technique and annealed h i s 
c r y s t a l s i n l i q u i d z i n c a t 650°C f o r 152 hours. In Figure 1. 
the temperature dependence of Ha l l m o b i l i t y i n n-type ZnSe, 
as measured by Aven (60), i s i l l u s t r a t e d . The experimental 
r e s u l t s ( s o l i d l i n e with points) are compared with a 
t h e o r e t i c a l curve which takes ionized impurity and polar 
o p t i c a l mode s c a t t e r i n g i n t o account. The agreement i s not 
too unreasonable but i t would appear that some a d d i t i o n a l 
process must be ope r a t i v e . 
1.4.3 Photoconductivity 
Free e l e c t r o n s and holes can be created i n semi-
conductors by i l l u m i n a t i n g the c r y s t a l with l i g h t of 
appropriate wavelength such t h a t the photon energy equals 
or exceeds the forbidden gap energy. Under these conditions 
f r e e e l e c t r o n s and holes are produced and lead to an 
in c r e a s e d c o n d u c t i v i t y of the c r y s t a l . In ZnSe the holes 
are g e n e r a l l y very much l e s s mobile than the e l e c t r o n s , and 
are captured more r e a d i l y by defect c e n t r e s , so t h a t i n the 
steady s t a t e the concentration of free e l e c t r o n s exceeds 
t h a t of the f r e e h o l e s . Defect centres can behave e i t h e r 
as recombination centres o£ e l e c t r o n traps and determine the 
10 I — I I 1 
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'Figure 1.4 The temperature dependence of H a l l 
n o b i l i t y i n ZnSe. 
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l i f e t i m e of the m a j o r i t y c a r r i e r s . Majority c a r r i e r l i f e t i m e s 
i n ZnSe vary from f r a c t i o n s of microseconds i n i n s e n s i t i v e 
"pure" c r y s t a l s to f r a c t i o n s of m i l l i s e c o n d s i n s u i t a b l y 
doped m a t e r i a l . 
An energy model has been proposed by Rose (61) to 
e x p l a i n the s e n s i t i s a t i o n of photoconductivity on the b a s i s 
of two competing cen t r e s A and B as shown i n Figure 1.5. In 
a pure u n s e n s i t i z e d m a t e r i a l , recombination centres known as 
"A c e n t r e s " are present. These lead to a small f r e e l i f e t i m e 
f o r photo*"excited c a r r i e r s , s i n c e they have an approximately 
equal capture c r o s s - s e c t i o n f o r both e l e c t r o n s and holes. 
With the i n c o r p o r a t i o n of s u i t a b l e i m p u r i t i e s recombination 
c e n t r e s known as "B c e n t r e s " are produced. These centres 
have a small c r o s s - s e c t i o n for e l e c t r o n capture but t h e i r 
c r o s s - s e c t i o n f o r hole capture i s s i m i l a r to that of the 
"A c e n t r e s . " At high temperatures and with low l i g h t 
i n t e n s i t i e s , the demarcation l e v e l f o r "B c e n t r e s " w i l l l i e 
above these l e v e l s and the imperfections w i l l t h erefore 
f u n c t i o n as hole t r a p s only, with no consequent e f f e c t on 
the p h o t o - s e n s i t i v i t y . However at high l i g h t l e v e l s and 
a t low temperatures, the hole demarcation l e v e l w i l l l i e 
below the l e v e l s of the "B centres" which then function as 
recombination c e n t r e s . The concept of the "demarcation 
l e v e l " was introduced by Rose (61). When the demarcation 
l e v e l c o i n c i d e s with the energy l e v e l of a centre, there 
i s an equal p r o b a b i l i t y of the centre a c t i n g as a trap or 
as a recombination centre. The hole demarcation l e v e l always 
l i e s i n the lower h a l f of the band gap and below the "A c e n t r e s . " 
F i g u r e 1.5(a) shows a m a t e r i a l containing recombination 
cen t r e s with a l a r g e capture c r o s s - s e c t i o n only. This 
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r e s u l t s i n low fre e c a r r i e r l i f e t i m e s . In Figure 1.5(b) 
s e n s i t i z i n g c entres have been incorporated but the conditions 
are such t h a t they act as hole t r a p s . Figure 1.5(c) shows 
what happens when the s e n s i t i z i n g centres act as recombination 
centres when they become l a r g e l y occupied with holes and 
the "A c e n t r e s " become occupied with e l e c t r o n s . In consequence 
the e l e c t r o n l i f e t i m e i s high. Figure 1.5(d) i l l u s t r a t e s the 
process of i n f r a - r e d quenching of photoconductivity by the 
f r e e i n g of holes from s e n s i t i z i n g centres by o p t i c a l means. 
Thermal quenching occurs when the demarcation l e v e l r i s e s 
above the l e v e l B. Thermal and i n f r a - r e d quenching can be 
used to obtain information about the energy l e v e l s and 
capture c r o s s - s e c t i o n s of s e n s i t i z i n g centres i n ZnSe. At 
low temperatures the i n f r a - r e d quenching of photoconductivity 
i n ZnSe c o n s i s t s of one broad "band", with i t s maximum at 
about 1.03 ym. The t h r e s h o l d of t h i s band suggests t h a t the 
hole i o n i z a t i o n energy of a s e n s i t i z i n g centre l i e s between 
0.66 and 0.78 eV above the valence band (62). 
The photoconductive p r o p e r t i e s of cubic ZnSe c r y s t a l s 
have been reported by Bube (63) arid S t r i n g f e l l o w and Bube (64). 
The s p e c t r a l s e n s i t i v i t y of undoped ZnSe c r y s t a l s reached a 
maximum at 0.462 ym corresponding to e x c i t a t i o n across the 
forbidden gap. With the introduction of d i f f e r e n t acceptor 
and donor i m p u r i t i e s , such as Br, Cu, Ag, Sb and As, the 
maximum s e n s i t i v i t y was s h i f t e d to longer wavelengths. Bube 
and Lind (2) measured the s p e c t r a l s e n s i t i v i t y of photocon-
d u c t i v i t y and i n f r a - r e d quenching. They found a donor 
i o n i z a t i o n energy of 0.21 eV i n Br doped ZnSe and an acceptor 
i o n i z a t i o n energy of 0.7 eV i n Sb doped ZnSe. Ag and As 
doped ZnSe c r y s t a l s have been studied by Bube (63). They 
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give r i s e to acceptor centres with hole i o n i z a t i o n energies 
of 0.6 and 0.7 eV r e s p e c t i v e l y . Photoconductivity s p e c t r a 
have been e x t e n s i v e l y studied i n Cu doped c r y s t a l s . 
S t r i n g f e l l o w and Bube (64) have observed the e x c i t a t i o n 
of p-type photoconductivity i n Cu doped c r y s t a l s and noted 
t h a t the energy required i s s i m i l a r to that for the o p t i c a l 
quenching of n-type photoconductivity. They a s s o c i a t e d t h i s 
behaviour with copper centres located 0.72 eV above the 
valence band. S t r i n g f e l l o w and Bube (65) subsequently 
d i s c u s s e d a multivalent-copper-impurity model i n which Cu + 
and C u + + ions were s u b s t i t u t e d on the Zn s u b l a t t i c e . They 
suggested t h a t Cu + ions were responsible for the two red 
bands with maxima at 1.95 and 1.97 eV and that C u + + ions 
were r e s p o n s i b l e f o r the green emission at 2.34 eV. They 
a l s o concluded t h a t copper leads to three charged s t a t e s 
w i t h i n the forbidden gap of ZnSe. The f i r s t copper s t a t e 
i s the dominant acceptor centre for p-type c o n d u c t i v i t y , 
with an a s s o c i a t e d energy l e v e l 0.72 eV above the valence 
band. This centre i s the major s e n s i t i z i n g centre for 
n-type photoconductivity and has an e l e c t r o n capture cross 
-19 2 
s e c t i o n of about 4.10 cm . The second copper s t a t e f i x e s 
the lowest obtainable p o s i t i o n of the Fermi l e v e l at 0.53 eV 
above the valence band. Green emission a s s o c i a t e d with 
copper impurity r e s u l t s from the recombination of an e l e c t r o n 
i n the conduction band with a hole captured at a t h i r d 
copper s t a t e , l o c a t e d 0.35 eV above the valence band. 
Park and Chan (66) observed the s p e c t r a l response of 
the photoconductivity of hexagonal ZnSe at room temperature 
using p o l a r i z e d l i g h t . They found two d i f f e r e n t high energy 
peaks near the energy band gap, at about 0.437 pm and 0.44 3 ym 
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Thi s corresponds to the separation between the two highest 
valence bands i n ZnSe. 
1.4.4 Electroluminescence 
Electroluminescence i s the name given to the emission 
of l i g h t from a s o l i d under the ac t i o n of an e l e c t r i c f i e l d . 
The preparation of electroluminescent ZnSe owes much to the 
techniques developed to produce phosphors s u i t a b l e for 
cathodoluminescence and photoluminescence. In general the 
z i n c s e l e n i d e i s doped with small q u a n t i t i e s of a c t i v a t o r s 
( u s u a l l y aluminium, manganese, copper or c h l o r i n e ) , and has 
been used as a powder i n larg e area a.c. electroluminescent 
panels or as a s i n g l e c r y s t a l i n small d.c. l i g h t emitting 
diodes. 
L i g h t - e m i t t i n g semiconductor diodes based on GaAs-P 
u s u a l l y c o n s i s t of p-n j u n c t i o n s , i n which minority c a r r i e r s 
are i n j e c t e d across the junction and recombine at 
luminescent c e n t r e s . ZnSe cannot be made s u f f i c i e n t l y p-type, 
for a p-n homojunction to be formed i n ZnSe. However Aven 
and Cusano (67) have prepared p-n junct i o n s by depositing an 
e p i t a x i a l l a y e r of p-type Cu^Se on to n-type ZnSe. The 
elect r o l u m i n e s c e n t emission spectrum of junctions formed on 
c h l o r i n e doped ZnSe c o n s i s t e d at 77 K of three bands at 
1.96 eV i n the red, a t 2.35 eV i n the green and at 2.68 eV 
near the band edge. A l doped ZnSe produced a s i n g l e yellow 
band at 2.07 eV at room temperature. S i m i l a r heterojunctions 
with Cu-chalcogenides have a l s o been reported with ZnS. 
Unfortunately the electroluminescence e f f i c i e n c y i s not 
p a r t i c u l a r l y good. F i s c h e r (68) observed emission i n a 
band at 1.97 eV with n-type undoped ZnSe c r y s t a l s , and showed 
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that the metal semiconductor contacts produced l i g h t by 
impact i o n i z a t i o n i n reverse b i a s , and by hole i n j e c t i o n i n 
forward b i a s , i f the work function of the contacting metal 
exceeded 4.8 eV (e.g. Pt or I r ) . More r e c e n t l y A l l e n e t a l 
(69) have prepared Schottky diodes which are electroluminescent 
when b i a s s e d i n the reverse d i r e c t i o n . They used Au and In 
contacts on Mn or Cu doped n-type ZnSe. T h e i r e l e c t r o -
luminescent spectrum c o n s i s t e d of a red band at 1.91 eV i n 
Cu doped ZnSe and a yellow band at 2.10 eV i n Mn doped ZnSe 
c r y s t a l s . According to A l l e n e t a l , e l e c t r o n s tunnel from 
the gold i n t o the ZnSe where they are a c c e l e r a t e d i n the 
high f i e l d of the Schottky b a r r i e r . The manganese a c t i v a t i o n 
centres are then e x c i t e d by impact and electroluminescence 
r e s u l t s . Work on such devices i s proceeding i n these 
l a b o r a t o r i e s and the need to understand the b a s i c luminescent 
p r o p e r t i e s of ZnSe which i s s u i t a b l e for t h i s a p p l i c a t i o n 
was one of the i n c e n t i v e s f o r studying edge and deep centre 
emission. 
1.4.5 E l e c t r o n Spin Resonance 
Under c e r t a i n circumstances e l e c t r o n s p i n resonance 
can be a powerful method of i n v e s t i g a t i n g the chemical 
nature, the c r y s t a l l i n e symmetry and the e l e c t r o n i c s t r u c t u r e 
of paramagnetic defects i n s o l i d s . The spin resonance 
e f f e c t s which have been observed i n ZnSe can be divided i n t o 
three c l a s s e s : -
1. Mobile e l e c t r o n s : The mobile conduction e l e c t r o n s 
represent the most elementary source of paramagnetism i n a 
s o l i d . The mobile e l e c t r o n s move e i t h e r i n the conduction 
band or i n a shallow donor band. Such donor s t a t e s are 
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formed by s u b s t i t u t i o n a l halogen or group I I I metal ions 
such as C I , Br, I , Zn, A l and Ga. Free e l e c t r o n resonance 
has been observed i n cubic ZnS (70,71) and i n cubic ZnS/ZnSe 
mixed c r y s t a l s (72). Donor resonance i n ZnSe due to a 
centre which i s an a s s o c i a t i o n of a Se vacancy and a P, 
As or Sb acceptor centre has a l s o been observed (73). 
2. "Deep" impurity centres which are normally diamagnetic 
can e x i s t i n the c r y s t a l . Such a centre can often be 
converted i n t o a paramagnetic s t a t e by trapping a photo-
e x c i t e d e l e c t r o n or hole. Subsequently, a conduction 
e l e c t r o n may recombine with the trapped hole, leading to 
a c h a r a c t e r i s t i c luminescence band i n the v i s i b l e region. 
"Deep" impurity defect centres commonly known as "A centres" 
have been found i n ZnS (70,74), ZnSe (75) and mixed ZnS/ZnSe 
(72) c r y s t a l s . They are formed by the a s s o c i a t i o n of a 
n e g a t i v e l y charged z i n c vacancy with CI , Br or I impurity 
ions on n e a r e s t neighbour sulphur or selenium s i t e s , or 
+3 +3 
with A l or Ga impurity ions on nearest z i n c s i t e s . The 
A-centres are thought to be responsible for the s e l f -
a c t i v a t e d emission of ZnS and ZnSe. 
3. T r a n s i t i o n metal ions: Extensive e l e c t r o n s p i n 
resonance i n v e s t i g a t i o n s have been performed on t r a n s i t i o n 
metal i m p u r i t i e s i n ZnSe. The resonance of the i r o n group + ++ +++ i m p u r i t i e s such as Cr , Mn and Fe i s strongly i n f l u e n c e d 
by the covalency i n the bonding and by l a t t i c e d i s t o r t i o n s 
caused by the s i z e mismatch between the impurity and the 
ion normally occupying the s u b s t i t u t i o n a l l a t t i c e s i t e . 
+++ 
The e l e c t r o n s p i n resonance spectrum of Fe i n cubic ZnSe 
can be i d e n t i f i e d by the appearance of a c h a r a c t e r i s t i c 
++ 
f i v e - l i n e f i n e s t r u c t u r e pattern, and the spectrum of Mn 
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i n ZnSe can be i d e n t i f i e d by the appearance of a s i x l i n e 
hyperfine s t r u c t u r e . A considerable number of defect 
centres can be formed by paramagnetic 3d i o n s , which are 
often a c t i v e as e l e c t r o n or hole t r a p s . They can occur 
e i t h e r i n the monovalent or i n the t r i v a l e n t charge s t a t e s . 
E l e c t r o n s p i n resonance i n v e s t i g a t i o n s of 3d ions have been 
performed mainly on ZnS and CdS. The r e s u l t s may be 
summarized as f o l l o w s : 
2 +++ ++ 3d c o n f i g u r a t i o n : Vanadium V and Titanium T i 
have been observed i n cubic ZnS (75,76). The resonance due 
2 
to the 3d c o n f i g u r a t i o n i s c h a r a c t e r i z e d by an e f f e c t i v e 
s p i n value of s = l . 
4 
3d c o n f i g u r a t i o n : Chromium has been reported i n 
two charge s t a t e s i n ZnSe (77) and has been observed as 
++ 4 Cr with a 3d e l e c t r o n configuration. 
3d^ c o n f i g u r a t i o n : An a n a l y s i s of the hyperfine 
s t r u c t u r e of the 3d 5 ions C r + , Mn + +, F e + + + i n I I - V I 
compounds has been given by E s t l e and Holton (78). The 
4.4-4. 
resonance of Fe has been reported (79) i n ZnSe. More 
++ 
measurements e x i s t f o r Mn i n ZnS, than for any other 
++ 
impurity, but Mn i n ZnSe c r y s t a l has not yet been reported. 
++ 
Some paramagnetic def e c t i n v o l v i n g Mn has however been 
observed by e l e c t r o n s p i n resonance (73,80). I n no case 
could these centres be p o s i t i v e l y c o r r e l a t e d with any of 
++ 
the Mn emission bands. 
Q 
3d c o n f i g u r a t i o n : E l e c t r o n spin resonance has 
f a i l e d to e s t a b l i s h r e l i a b l e models for the luminescence 
cen t r e s r e s p o n s i b l e f o r the c h a r a c t e r i s t i c emission bands 
of copper a c t i v a t e d ZnSe and other I I - V I compounds. 
- 21 -
1.5 O p t i c a l p r o p e r t i e s of ZnSe 
The o p t i c a l absorption, r e f l e c t i o n , transmission 
and luminescence emission s p e c t r a of z i n c selenide may be 
divided i n t o "edge" and " i n f r a - r e d " components. Since the 
nature of the edge emission and deep centre luminescence 
forms the major t o p i c for d i s c u s s i o n i n t h i s t h e s i s , the 
o p t i c a l p r o p e r t i e s a s s o c i a t e d with processes which occur 
near the fundamental absorption edge are considered i n 
d e t a i l i n the next chapter. Processes which occur at rather 
longer wavelength are described below: 
1.5.1 I n f r a - r e d emission and absorption 
Halsted et a l (8) have reported f l u o r e s c e n t 
emission bands at 25 K, i n undoped ZnSe c r y s t a l s with 
maxima at 0.78, 0.63 and 0.56 eV. The s t r u c t u r e i s 
a t t r i b u t e d to the emission a s s o c i a t e d with the recombination 
of an e l e c t r o n from an energy l e v e l 0.56 eV above the 
highest valence band with holes i n the three valence bands 
of ZnSe. An emission band at 1.25 eV i n copper doped ZnSe 
was a l s o reported. 
l i d a (82) observed green (0.530 ym), yellow (0.570 ym) 
and red (0.640 \im) bands i n the v i s i b l e and two emission bands 
at 1.05 and 1.40 micron i n the i n f r a - r e d region, i n as grown 
ZnSe c r y s t a l s containing Cu impurity. The v i s i b l e emission 
bands required e x c i t a t i o n across the band gap, whereas the 
two longest wavelength bands required longer wavelength 
e x c i t a t i o n . I t i s suggested that i n f r a - r e d i r r a d i a t i o n could 
e x c i t e a hole to the valence band and the r e l e a s e d hole 
could then subsequently recombine with a fre e e l e c t r o n v i a 
a non-radiative centre.. This v/ould lead to i n f r a - r e d quenching 
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when the sample was i r r a d i a t e d with both band gap and i n f r a -
red r a d i a t i o n . The proposed energy l e v e l scheme and cor-
responding t r a n s i t i o n s are shown i n Figure 1.6 (82). " I " 
corresponds to the red emission due to the recombination 
of the f r e e e l e c t r o n s with holes bound at " I " . " I I and 
I I I " are r e s p o n s i b l e for yellow emission which occurs when 
e l e c t r o n s bound at the l e v e l s " I I " recombine with holes at 
l e v e l s " I I I " . I n f r a - r e d absorption e x c i t e s an e l e c t r o n from 
the valence band to l e v e l s "IV". The l e v e l "V" represents 
the non-radiative centres through which most free e l e c t r o n s 
recombine with holes. 
The i n f r a - r e d absorption s p e c t r a of ZnSe containing 
i m p u r i t i e s such as A l , A l - L i , Mn and Be have been studied by 
I b u k i e t a l and M i t s u i s h i et a l (83,84). They observed s i x 
absorption peaks (at 0.0487, 0.0481, 0.0445, 0.0429, 0.0424 
and 0.0420 eV) the i n t e n s i t i e s of which depended upon the A l 
concentration. A study of the e f f e c t s of heat-treatment on 
ZnSe and A l - L i doped ZnSe shows that d i f f e r e n t bands occur 
when the L i concentration becomes comparable to the A l con-
c e n t r a t i o n . M i t s u i s h i e t a l (84) suggested that A l occupies 
the Zn s i t e i n ZnSe and a c t s as a donor, but when Al and L i 
are used together A l a c t s as a donor and L i a c t s as an 
acceptor, both r e p l a c i n g Zn. 
A ZnSe c r y s t a l containing phosphorus or a r s e n i c 
e x h i b i t s broad luminescence bands i n the red at 1.9 eV and 
i n f r a - r e d 1.15 eV (85). The r e s u l t s suggest that the a c t i v e 
centre c o n s i s t s of an unassociated phosphorus atom with the 
e x c i t e d e l e c t r o n i c s t a t e l y i n g c lose to the conduction band 
edge. 
CONDUCTION BAND 
n 
I I n 
YELLOW EXCITATION RED 
IV 
INERA I I I 
RED 
VALENCE BAND 
Eigure 1 .6 Energy l e v e l diagram i l l u s t r a t i n g . t 
processes of recombination, quenching and 
s t i m u l a t i o n . 
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Miyamoto e t a l (86) examined the i n f r a - r e d absorption 
of undoped ZnSe and ZnSe:Al c r y s t a l s at l i q u i d nitrogen 
temperature. They observed weak i n f r a - r e d absorption i n 
undoped ZnSe which disappeared a f t e r the c r y s t a l had been 
f i r e d i n a selenium atmosphere. Therefore they suggested 
t h a t i n undoped ZnSe, selenium vacancies are responsible 
f o r the photo-induced i n f r a - r e d absorption which is ascribed to 
the e l e c t r o n i c t r a n s i t i o n from the n e u t r a l donor s t a t e of 
the selenium vacancy to the conduction band. 
Most s t u d i e s of the i n f r a - r e d p r o p e r t i e s of ZnSe 
have been c a r r i e d out near l i q u i d nitrogen temperature at 
77 K. As the temperature i s decreased the i n t e n s i t y of the 
i n f r a - r e d emission i s g e n e r a l l y reduced and the edge emission 
becomes i n t e n s i v e . There i s a host of evidence i n d i c a t i n g 
t h a t s u b s t a n t i a l z i n c vacancies are responsible for the 
i n f r a - r e d p r o p e r t i e s of ZnSe. 
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CHAPTER 2 
EDGE EMISSION IN ZnSe 
2.1 I n t r o d u c t i o n 
I n g e n e r a l t h e luminescent emission which occurs 
near t h e band gap o f I I - V I compounds a t low temperatures 
i s composed o f t h r e e d i f f e r e n t groups o f bands. The f i r s t 
group i s a s s o c i a t e d w i t h t h e r a d i a t i v e a n n i h i l a t i o n o f 
f r e e e x c i t o n s and t h e i r c o r r e s p o n d i n g phonon r e p l i c a s . The 
second group i s a t t r i b u t e d t o emission from bound e x c i t o n 
complexes and t h e i r phonon r e p l i c a s . F i n a l l y t h e t h i r d 
group i s composed o f a c o m p a r a t i v e l y broad band emission and 
i t s r e p l i c a s which occurs a t somewhat lower e n e r g i e s . 
The t e r m edge e m i s s i o n i s l o o s e l y employed t o des-
c r i b e r a d i a t i v e r e c o m b i n a t i o n processes which occur w i t h i n 
s e v e r a l t e n t h s o f an e l e c t r o n v o l t o f t h e energy gap. These 
processes become i n c r e a s i n g l y more e f f i c i e n t as t h e tem-
p e r a t u r e i s reduced and depend on the c r y s t a l and t h e 
i n t e n s i t y o f t h e e x c i t a t i o n . The near-band gap emission a t 
4.2 K c o n s i s t s o f s e v e r a l s e r i e s o f sharp l i n e s and broad 
bands. The sharp l i n e s which are a t t h e h i g h e r energy l i m i t 
o f t h e spectrum have been i d e n t i f i e d i n CdS by Thomas and 
H o p f i e l d (1) as b e i n g a s s o c i a t e d w i t h t h e r e c o m b i n a t i o n o f 
f r e e and bound e x c i t o n s . 
The spectrum on t h e low energy s i d e o f t h e e x c i t o n 
l i n e s c o n s i s t s o f a s e r i e s o f e q u a l l y spaced bands 
se p a r a t e d by t h e energy o f t h e l o n g i t u d i n a l o p t i c a l (LO) 
phonon o f t h e h o s t l a t t i c e . U s u a l l y a t l e a s t two s e r i e s 
and sometimes more appear. O f t e n , two a s s o c i a t e d s e r i e s 
are observed, t h e n t h e h i g h energy s e r i e s (HES) i s dominant 
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a t h i g h t e m p e r a t u r e , and i s u s u a l l y a t t r i b u t e d t o t h e 
r e c o m b i n a t i o n o f f r e e e l e c t r o n s w i t h h o l e s bound t o 
a c c e p t o r s (2) ("free t o bound" r e c o m b i n a t i o n ) . The low-
energy s e r i e s (LES) i n c r e a s e s i n i n t e n s i t y w i t h d e c r e a s i n g 
t e m p e r a t u r e and i s i n t e r p r e t e d as b e i n g due t o donor 
a c c e p t o r p a i r - r e c o m b i n a t i o n (the s o - c a l l e d "bound t o bound" 
e m i s s i o n ) . The major p a r t o f t h i s c h a p t e r i s concerned 
w i t h a d i s c u s s i o n o f t h e o r i g i n o f t h e e x c i t o n l i n e s and 
o f t h e components o f t h e HES and LES emission i n t h e edge 
em i s s i o n spectrum o f ZnSe. 
The luminescence o f ZnSe i s a l s o s t r o n g l y a f f e c t e d 
by doping w i t h i m p u r i t i e s which produces deep a c c e p t o r s . 
T h i s deep c e n t r e luminescence i s a l s o d e s c r i b e d a t t h e end 
o f t h e c h a p t e r . 
2.2 E x c i t o n e m i s s i o n 
A bound e l e c t r o n - h o l e p a i r can be produced i n t h e 
c r y s t a l under e x c i t a t i o n w i t h energy s l i g h t l y l e s s than t h e 
energy gap. Such bound e l e c t r o n - h o l e p a i r s are known as 
e x c i t o n s . They are uncharged and can move t h r o u g h t h e 
c r y s t a l and t r a n s p o r t e x c i t a t i o n energy. Thus an e x c i t o n 
can t r a v e l t h r o u g h t h e c r y s t a l and g i v e up i t s energy o f 
f o r m a t i o n on r e c o m b i n a t i o n . 
R a d i a t i v e r e c o m b i n a t i o n a s s o c i a t e d w i t h t h e recom-
b i n a t i o n o r a n n i h i l a t i o n o f " f r e e " and "bound" e x c i t o n s i s 
r e s p o n s i b l e f o r t h e sharp l i n e s c l o s e t o t h e band gap. 
These f r e e and bound e x c i t o n s i n ZnSe are d e s c r i b e d below. 
2.2.1 Free e x c i t o n s 
The f r e e e x c i t o n may be though o f as an e x c i t e d s t a t e 
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o f t h e c r y s t a l c o n s i s t i n g o f an e l e c t r o n and h o l e i n o r b i t 
about each o t h e r a t d i s t a n c e s l a r g e compared w i t h t h e atomic 
dimensions. The r e c o m b i n a t i o n o f t h e e l e c t r o n and h o l e may 
r e s u l t i n t h e emission o f a photon w i t h an energy equal t o 
t h e band gap energy l e s s t h e b i n d i n g energy o f t h e e x c i t o n 
E . S i m i l a r l y , a photon w i t h an energy E -E may be 
absorbed t o c r e a t e a f r e e e x c i t o n . The f r e e e x c i t o n can 
be t r e a t e d i n t h e same way as a f r e e hydrogen atom, when i t 
becomes c l e a r t h a t i t can e x i s t i n a number o f e x c i t e d 
s t a t e s w i t h e n e r g i e s g i v e n by 
E e x =
 13'6 —ST ^ m e n s 
where e g i s t h e low frequency d i e l e c t r i c c o n s t a n t o f t h e 
m a t e r i a l and n takes t h e v a l u e s 1, 2, 3 f o r the ground and 
v a r i o u s e x c i t e d s t a t e s . When t h e e l e c t r o n and h o l e execute 
l a r g e o r b i t s about t h e i r c e n t r e of mass t h e i r motions are 
d e t e r m i n e d by t h e p r o p e r t i e s o f the c o n d u c t i o n and valence 
band edges, so t h a t t h e y can be d e s c r i b e d by t h e i r e f f e c t i v e 
masses m* and m*. The reduced mass y o f e q u a t i o n (1) i s 
t h e n g i v e n by y ^ = m* ^ + m* . Free e x c i t o n luminescence 
e n 
can occur from t h e v a r i o u s e x c i t e d s t a t e s which may be v e r y 
s i m i l a r , o r c l o s e i n energy t o , the s t a t e s r e s p o n s i b l e f o r 
o p t i c a l a b s o r p t i o n and edge emission. 
S a t i s f a c t o r y measurements o f f r e e e x c i t o n a b s o r p t i o n 
s p e c t r a have been made i n most w u r t z i t e t y p e I I - V I compounds, 
and i n ZnO (3) and CdS(l,4) i n p a r t i c u l a r . The e x c i t o n 
a b s o r p t i o n s p e c t r a o f t h e c u b i c compounds have a l s o been 
s t u d i e d by s e v e r a l a u t h o r s . Aven e t a l (5) have measured 
th e a b s o r p t i o n and r e f l e c t i v i t y s p e c t r a o f c u b i c ZnSe 
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c r y s t a l s a t 300 and 23 K. T h e i r r e s u l t s are shown i n 
F i g u r e 2.1. The curve a t 23 K (black p o i n t s ) was o b t a i n e d 
by combining t h e a b s o r p t i o n and r e f l e c t i v i t y measurements. 
The curve up t o about 2.795 eV was c a l c u l a t e d from a b s o r p t i o n 
d a t a w h i l e t h e curve from about 2.785 eV towards h i g h e r 
e n e r g i e s was c a l c u l a t e d from r e f l e c t i v i t y measurements u s i n g 
a Kramers-Kronig i n v e r s i o n a n a l y s i s . The peaks l a b e l l e d 
n = 1 and n = 2 were i n t e r p r e t e d as t h e ground and f i r s t 
e x c i t e d s t a t e s , r e s p e c t i v e l y . The e x c i t o n s are formed from 
h o l e s i n t h e r _ v a l e n c e band and e l e c t r o n s i n t h e r , con-o b 
d u c t i o n band a t k = 0. The energy o f t h e n = 1 s t a t e 
r e l a t i v e t o t h e valence band was found t o be 2.81 eV. From 
t h e d i f f e r e n c e s i n energy between t h e n = 1 and n = 2 s t a t e s 
t h e b i n d i n g energy o f t h e e x c i t o n was c a l c u l a t e d t o be 
E = (0.020 ± 0.004) eV and t h e reduced mass u = 0 . 1 0 ± 0.03 m. ex K 
I n consequence t h e band gap i s E,, = 2.83 (4 380°A) a t 2 3 K. 
H i t e e t a l (6) have examined t h e t h r e s h o l d s o f 
a b s o r p t i o n s p e c t r a o f c u b i c ZnSe s i n g l e c r y s t a l s a t 
te m p e r a t u r e s between 2.1 K and 200 K. They used z i n c 
p u r i f i e d c r y s t a l s and found t h e ground s t a t e e x c i t o n absorp-
t i o n peak a t 2.80 eV from t h e n o r m a l - i n c i d e n c e r e f l e c t a n c e 
s p e c t r a a t 2.1 K by u s i n g a Kramers-Kronig i n v e r s i o n . They 
a l s o measured t h e a b s o r p t i o n c o e f f i c i e n t i n the weakly 
a b s o r b i n g r e g i o n as a f u n c t i o n o f photon energy and 
t e m p e r a t u r e and suggested t h a t the e n e r g i e s f o r maximum 
a b s o r p t i o n were a s s o c i a t e d w i t h the c r e a t i o n o f " d i r e c t " 
e x c i t o n s a s s i s t e d by t h e a n n i h i l a t i o n o f one o r more 
l o n g i t u d i n a l phonons. The " d i r e c t " phonon a s s i s t e d process 
i s i l l u s t r a t e d d i a g r a m m a t i c a l l y i n F i g u r e 2.2. A b s o r p t i o n 
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i s a two s t e p process. The f i r s t s t e p i s t h e a b s o r p t i o n 
o f a photon and t h e c r e a t i o n o f the e x c i t o n i n an i n t e r -
mediate s t a t e w i t h K = 0 on any one o f t h e d i s c r e t e e x c i t o n 
bands which a r e shown a s e r i e s o f p a r a b o l a s . I n t h e second 
st e p t h e e x c i t o n i s " s c a t t e r e d by t h e a b s o r p t i o n o f a 
l o n g i t u d i n a l phonon o f wave v e c t o r q t o a f i n a l s t a t e w i t h 
K z q and energy hv + Tiu^. This s c a t t e r i n g i s r e p r e s e n t e d 
by t h e s m a l l arrow. They assumed t h a t t h e ground s t a t e 
energy was dependent upon t h e temperature and they i d e n t i f i e d 
t h e t h r e s h o l d f o r a b s o r p t i o n as the c r e a t i o n o f an e x c i t o n 
by a b s o r p t i o n o f a photon a s s i s t e d by one l o n g i t u d i n a l 
phonon. A t t e m p e r a t u r e s o f 99, 79 and 60 K energies 
(E , - ftiii.) f o r maximum ground s t a t e , d i r e c t - t r a n s i t i o n XJ_ & 
e x c i t o n a b s o r p t i o n were found a t 2.752, 2.758 and 2.762 eV. 
The l o n g i t u d i n a l - o p t i c a l phonon energy, Rw^, was found t o 
-3 
be 31.4 x 10 eV. No evidence was found f o r any i n d i r e c t 
t r a n s i t i o n processes and t h e y concluded t h a t ZnSe has a 
" d i r e c t " minimum band gap w i t h the c o n d u c t i o n and valence 
band extrema a t t h e c e n t r e o f t h e B r i l l o u i n zone. 
Park and Schneider (7) have s t u d i e d edge emission 
s p e c t r a o f s t r u c t u r a l l y p u r e , cubic ZnSe s i n g l e c r y s t a l s . 
At 4.2 K t h e y observed an o s c i l l a t o r y s t r u c t u r e i n t h e 
e x c i t a t i o n s p e c t r a o f t h e sharp emission l i n e s and a number 
o f e m i s s i o n peaks a t 2.792, 2.790, 2.786, 2.779 and 2.776 eV 
( t h a t are formed by e x c i t o n p l u s phonons). These emission 
peaks appeared i n t h e energy r e g i o n a p p r o x i m a t e l y 0.030 eV 
below t h e ground s t a t e e x c i t o n energy. 
L i a n g and Y o f f e (8) have i n v e s t i g a t e d o p t i c a l 
t r a n s i t i o n s i n hexagonal ZnSe a t 15 K. They found ground 
s t a t e e n e r g i e s a t about 2.8520, 2.9039 and 3.3199 eV f o r 
|700. 
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t h e t h r e e e x c i t o n s e r i e s a s s o c i a t e d w i t h t h e t h r e e valence 
bands o f t h e hexagonal m o d i f i c a t i o n . The b i n d i n g energies 
o f these e x c i t o n s were 0.022, 0.035 and 0.019 eV, r e s p e c t i v e l y . 
These t r a n s i t i o n s have been i n t e r p r e t e d as d i r e c t , a l l o w e d 
t r a n s i t i o n s over t h e minimum band gap a s s o c i a t e d w i t h t he 
s p l i t v a l e n c e bands a t t h e c e n t r e o f t h e B r i l l o u i n zone 
(k = 0 ) . They found t h e minimum band gap i n hexagonal z i n c 
s e l e n i d e t o be 2.87 eV. The s p l i t t i n g s o f t h e t h r e e 
v alence bandswere found t o be E - E. = 0.465 eV and 
c A 
E B - E A = 0.065 eV a t 15 K. They e s t i m a t e d t h e l o n g i t u d i n a l 
o p t i c a l phonon energy a t 0.030 eV from t h e shape o f t h e 
a b s o r p t i o n curve a t 78 K. 
2.2.2 Bound E x c i t o n s 
The e x c i t e d s t a t e s i n v o l v e d i n one o f t h e edge 
em i s s i o n processes i n ZnSe can be d e s c r i b e d i n terms o f 
e l e c t r o n h o l e p a i r s l o c a l i z e d near i o n i z e d o r n e u t r a l c r y s t a l 
d e f e c t s . For t h i s reason t h e term "bound e x c i t o n complex" 
has come i n t o g e n e r a l use. Bound e x c i t o n complexes can be 
c r e a t e d by o p t i c a l e x c i t a t i o n . The emission l i n e s which 
r e s u l t from t h e r e c o m b i n a t i o n of these bound e x c i t o n com-
p l e x e s occur on t h e l o n g wavelength s i d e o f t h e f r e e 
e x c i t o n e m i s s i o n . The t h e o r y o f t h e "bound e x c i t o n complex" 
was developed w i t h r e f e r e n c e t o CdS and i s based on t h e 
symmetry p r o p e r t i e s o f t h e energy bands a s s o c i a t e d w i t h t h e 
w u r t z i t e s t r u c t u r e . CdS has been e x t e n s i v e l y s t u d i e d by 
many a u t h o r s (1,9,10). 
I n d e v e l o p i n g t h e t h e o r y , Thomas and H o p f i e l d (1) 
developed f i r s t a s p e c i a l form of d i r e c t e x c i t o n wave 
f u n c t i o n and the n a p p l i e d group t h e o r y t o t h e weakly bound 
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e x c i t o n s . Four bound e x c i t o n complexes were p o s t u l a t e d . 
These are (1) an e x c i t o n bound t o be n e u t r a l donor, (2) an 
e x c i t o n bound t o an i o n i z e d donor, (3) an e x c i t o n bound t o 
a n e u t r a l a c c e p t o r , and (4) an e x c i t o n bound t o an i o n i z e d 
a c c e p t o r . I n t h e i r t h e o r y o n l y t h e lowest s t a t e s o f the 
complexes were c o n s i d e r e d and t h e model was one o f t h e 
complex b e i n g bound t o g e t h e r by f o r c e s s i m i l a r t o t h a t i n 
t h e hydrogen molecule i o n . The models were v e r i f i e d by 
o b s e r v i n g l i n e s p l i t t i n g s i n t h e Zeeman e f f e c t . 
Reynolds e t a l (11) made the f i r s t d e t a i l e d study 
o f t h e low t e m p e r a t u r e luminescence o f z i n c - b l e n d e ZnSe. 
They observed many e m i s s i o n l i n e s one o f which was l o c a t e d 
a t 2.825 eV a t 77 K. They d i d not g i v e any assignment o f 
t h i s e m i s s i o n l i n e and merely suggested t h a t i t was some 
s o r t o f e x c i t o n e m i s s i o n . Comparison w i t h more r e c e n t 
s t u d i e s suggests t h a t t h e i r measurements were p r o b a b l y made 
on c r y s t a l s c o n t a i n i n g an a p p r e c i a b l e c o n t a m i n a t i o n o f 
s u l p h u r . T h e i r o t h e r r e s u l t s w i l l be discussed i n S e c t i o n 2.3. 
H a l s t e d and Aven (12) examined t h e edge emission 
s p e c t r a o f v a r i o u s I I - V I compounds a t 4 K, and e s t a b l i s h e d 
a c o r r e l a t i o n between the bound e x c i t o n l i n e s p e c t r a and 
t h e b r o a d e r , lower energy edge emission. They used i n f o r m a -
t i o n g a i n e d i n a m a g n e t o - o p t i c a l i n v e s t i g a t i o n o f CdS t o 
i d e n t i f y s p e c t r a i n o t h e r I I - V I compounds i n c l u d i n g ZnSe. 
T h e i r r e s u l t s are shown i n F i g u r e 2.3 which i l l u s t r a t e s t h e 
procedure employed f o r a c c e p t o r d e f e c t s . By p u r i f i c a t i o n 
and subsequent i n t r o d u c t i o n o f acceptor d e f e c t s , c r y s t a l s 
have been o b t a i n e d which e x h i b i t an e x c i t o n emission 
process w i t h a near-band-gap energy a t 4 K which can be 
c o r r e l a t e d w i t h t h e presence o f a broader band emission 
0.200 
0.100 
> 
^0.050 
©0.020 
UJ 
> o 
tr UJ z LU 0.010 
o 
u 0.005 
0.002 
T 
DEF ECT-EXCITON 
EMIS5I0N 
© 
*LU-»-
1 r 
DEFECT EMISSION 
( / G (E^_+G) 
/ 
/ 
/ 
,°-ZnTe:Cu 
o t - ' n ^ / X — Z n S e : A g 
BINDING ENERGY-cdTe.Ag^^ZnSeiCu 
CdS:S 
CdTe:SA. 
CdTe:Ag / Nx—ZnTe:SA 
C d S e r S e ° — ^ * Q 
/ ^ b — Z n S e S e 
^ ^ZnTe-.Te 
ZnSe:SA 
/ 
0.10 
± 
0.02 0.05 0.10 0.20 0-50 1.00 
IONIZATION ENERGY (E A) OF ACCEPTOR DEFECT ( eV) 
2.00 
Figure 2.3 EQ+._versus EA for correlated pairs of fluorescent spectra 
at A°K in acceptor-doped II—VI compounds. From Halsted 
and Aven(12). 
- 36 -
process o f s u b s t a n t i a l l y l e s s t h a n band gap energy. 
They d e f i n e d t h e e x c i t o n d i s s o c i a t i o n energy, E + as t h e 
energy d i f f e r e n c e between t h e zero phonon l i n e and t h e 
r e f l e c t i v i t y minimum due t o e x c i t o n a b s o r p t i o n . I t was 
assumed t h a t t h e lower energy emission r e s u l t s from a 
t r a n s i t i o n t o t h e same ac c e p t o r l e v e l from t h e c o n d u c t i o n 
band o r s h a l l o w donor s t a t e c l o s e t o t h e c o n d u c t i o n band. 
The a c c e p t o r i o n i z a t i o n energy E A was o b t a i n e d from t h e 
p o s i t i o n o f t h e zero phonon band of t h e lower energy emission. 
A p l o t o f E versus E f o r a l l I I - V I compounds gave a 
e+- A 
s t r a i g h t l i n e which leads t o a r a t i o o f t h e d i s s o c i a t i o n 
energy o f t h e bound e x c i t o n complex t o t h e i o n i z a t i o n energy 
o f t h e n e u t r a l a c c e p t o r o f 0.10. I n a s i m i l a r way t h e 
c o r r e s p o n d i n g r a t i o f o r a n e u t r a l donor was 0.20. The 
d i s s o c i a t i o n energy o f an e x c i t o n bound t o a n e u t r a l 
a c c e p t o r was found t o be 0.018 eV i n s e l f - a c t i v a t e d ZnSe 
and about 0.05 and 0.047 eV f o r Ag and Cu doped (acceptor 
t y p e ) ZnSe c r y s t a l s , r e s p e c t i v e l y . A t r a n s i t i o n due t o an 
e x c i t o n bound t o a n e u t r a l donor was i d e n t i f i e d by examining 
t h e edge e m i s s i o n i n donor doped I I - V I compounds. The 
d i s s o c i a t i o n energy o f t h a t complex was found t o be 0.0042 eV 
f o r ZnSe n e u t r a l donors a t 4 K. 
Dean and Merz (13) have observed a l a r g e number o f 
sharp l i n e s i n t h e photoluminescence s p e c t r a of ZnSe a t 
4.2 K, under i n t e n s e e x c i t a t i o n w i t h an argon i o n l a s e r . 
The energy and i n t e n s i t y o f t h e sharp l i n e s was e x p l a i n e d 
i n terms o f r e c o m b i n a t i o n between donor-acceptor p a i r s a t 
v a r i o u s s e p a r a t i o n s . A t l a r g e s e p a r a t i o n t h e i n d i v i d u a l 
l i n e s are so c l o s e l y spaced t h a t t h e y merge t o form t h e 
f i r s t b r oad band o f t h e lower energy edge e m i s s i o n . 
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A d d i t i o n a l sharp l i n e s were a l s o observed on t h e h i g h 
energy s i d e o f t h e p a i r e d emission a t about 2.802, 2.797, 
2.795 and 2.783 eV which were i d e n t i f i e d as the f r e e 
e x c i t o n , t h e d o u b l e t and t h e 1^ l i n e s r e s p e c t i v e l y . 
The component a t about 2.802 eV was v e r y c l o s e t o t h e 
p o s i t i o n o f t h e observed r e f l e c t i v i t y peak which i s due t o 
the ground s t a t e o f t h e f r e e e x c i t o n formed i n the Tg - Tg 
t r a n s i t i o n . 1^ l i n e s are due t o the decay o f e x c i t o n s 
bound t o n e u t r a l ' d o n o r s . The lower energy 1^ l i n e shows 
s t r o n g phonon c o - o p e r a t i o n , u n l i k e t h e l i n e s . The 1^ 
l i n e seemed t o be d o u b l e t , ( w i t h a weak s a t e l l i t e at' about 
2.778 eV). Dean.and Merz suggested t h a t t h i s was due t o a 
l i f t i n g of- t h e e l e c t r o n i c degeneracy o f the 1^ t r a n s i t i o n , 
r a t h e r than.to- t h e presence o f two d i f f e r e n t a c c e p t o r 
c e n t r e s . 
Dean and Merz (13) a l s o showed t h a t annealing- i n 
z i n c vapour induced d r a s t i c changes i n t h e luminescence of 
ZnSe. A f t e r a n n e a l i n g i n Zn vapour f o r 5 hours a t 700°C,-
they found a new s t r o n g I sharp l i n e l o c a t e d a t about 
2.79 3 eV j u s t below t h e l i n e s . U n f o r t u n a t e l y , t h e 
i d e n t i t y o f c e n t r e r e s p o n s i b l e f o r I l i n e i s as y e t 
unknown. I n a d d i t i o n t h e y a l s o found v e r y d i s t i n c t p a i r 
l i n e s t r u c t u r e on t h e h i g h energy s i d e o f t h e zero-phonon 
band o f t h e lower energy emission. T h i s w i l l be discussed 
i n t h e n e x t s e c t i o n . 
F o l l o w i n g t h i s work Merz e t a l (14) i n v e s t i g a t e d 
s u b s t i t u t i o n a l donors, i n c u b i c ZnSe u s i n g argon i o n l a s e r 
e x c i t a t i o n . They found t h e 1^ l i n e s a t about 2.797 eV 
and I 3 l i n e s between 2.794 and 2.797 eV. These I 2 l i n e s 
r e s u l t from t h e r e c o m b i n a t i o n o f e x c i t o n s bound t o n e u t r a l 
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donors which were i n a d v e r t e n t l y p r e s e n t i n low c o n c e n t r a t i o n s 
Below t h e 1^ l i n e s a s t r o n g and a weak I 3 l i n e were observed. 
These d o u b l e t s r e s u l t from the r e c o m b i n a t i o n o f e x c i t o n s 
bound t o i o n i z e d donors. Below the l i n e s t h e y found 
two s t r o n g l i n e s which were l a b e l l e d I x and I ^ e e ^ ; these 
were l o c a t e d a t a p p r o x i m a t e l y 2.792 and 2.782 eV r e s p e c t i v e l y 
Both o f t h e s e l i n e s e x h i b i t e d a s t r o n g s e r i e s o f LO phonon 
r e p l i c a s and were e x p l a i n e d as e x c i t o n s bound t o n e u t r a l 
a c c e p t o r s ; t h e s o - c a l l e d I l i n e s . The i ^ e e P l i n e e x h i b i t e d 
t y p i c a l b e h a v i o u r when t h e c r y s t a l s were heated i n Zn vapour 
a t 700°C b e i n g reduced i n i n t e n s i t y . I n t h e low-energy 
r e g i o n (between 2.775 and 2.780 eV) the weak t w o - e l e c t r o n 
t r a n s i t i o n s were superimposed on t h e broad background t a i l 
below t h e i ^ e e P l i n e . 
The measured emi s s i o n s p e c t r a from undoped ZnSe were 
v e r y c o m p l i c a t e d and i t was d i f f i c u l t t o i d e n t i f y t h e v a r i o u s 
s p e c t r a l l i n e s . For t h i s reason two n o m i n a l l y undoped 
photoluminescence s p e c t r a were compared w i t h t h a t from a 
C l 2 doped sample. Small s h i f t s were observed f o r t h e 
e x c i t e d s t a t e s and 1^ l i n e s b u t l a r g e energy s h i f t s o c c u r r e d 
f o r t h e d o u b l e t s . Consequently, t h e energy l e v e l diagram 
f o r e x c i t o n e f f e c t s shown i n F i g u r e 2.4 was proposed. At 
t h e bottom o f t h e diagram, t h e i d e a l i z e d spectrum c o n t a i n i n g 
t h e t w o - e l e c t r o n t r a n s i t i o n s and t h e l i n e i s shown. 
The e n e r g y - l e v e l diagram shows how these t r a n s i t i o n s a r i s e . 
The e n e r g y - l e v e l diagram shows t h e ground and e x c i t e d s t a t e s 
o f t h e t h r e e - p a r t i c l e complex composed o f an e x c i t o n 
bound t o a n e u t r a l donor. The ground s t a t e ( I s ) and t h e 
e x c i t e d s t a t e (2s, 2p) o f t h e i s o l a t e d donor are a l s o shown. 
The p r i n c i p a l t r a n s i t i o n i s t h e I l i n e (which i s l a b e l l e d 
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I 2 Q ) which o r i g i n a t e s from t h e ground s t a t e o f t h e bound 
e x c i t o n ( I 2 o s t a t e ) a n ^ t e r m i n a t e s w i t h t h e donor i n i t s 
ground s t a t e . The weaker l i n e s a t h i g h e r energy o r i g i n a t e 
f rom e x c i t e d s t a t e s o f t h e bound e x c i t o n complex which are 
i n d i c a t e d by t h e l e v e l s (a = a,b,c and d) and a l s o 
t e r m i n a t e on t h e donor ground s t a t e . T wo-electron t r a n s i -
t i o n s o r i g i n a t e from t h e ground and e x c i t e d e x c i t o n s t a t e s , 
b u t l e a v e t h e donor i n an e x c i t e d 2s o r 2p s t a t e . The model 
was checked by measuring t h e energy d i f f e r e n c e s 
(a = a,b,c and d) i n two ways as shown i n F i g u r e 2,4, (1) 
f r o m t h e s e p a r a t i o n s o f t h e bound e x c i t o n l i n e s I and 
(2) from t h e s e p a r a t i o n i n t h e t w o - e l e c t r o n t r a n s i t i o n s . 
They a l s o i d e n t i f i e d t h e chemical species i n v o l v e d i n t h e 
t w o - e l e c t r o n t r a n s i t i o n s . T h i s was done f o r the'donors 
A l , Ga, I n and C I . A f i f t h donor (F) was i d e n t i f i e d from 
t h e o b s e r v a t i o n o f t h e I ^ l i n e s . Donor b i n d i n g e n e r g i e s 
c a l c u l a t e d from these o b s e r v a t i o n s were found t o be 
26.3±0.6, 26.9±0.6, 27.9+0.6, 28.9±0.6 and 29.3±0.6 meV 
f o r A l , C I , Ga, I n and F r e s p e c t i v e l y . 
From t h e e n e r g i e s o f t h e I l i n e s t he e x c i t o n 
b i n d i n g e n e r g i e s f o r each o f f o u r donors were deduced and 
p l o t t e d as a f u n c t i o n o f t h e c e n t r a l c e l l parameters. These 
r e s u l t s were remarkably l i n e a r and c o n s t i t u t e d an e m p i r i c a l 
s t a t e m e n t o f Haynes r u l e . B a l d e r e s c h i has g i v e n a s i m p l e 
d e r i v a t i o n o f t h i s r u l e i n t h e f o l l o w i n g way. The donor 
b i n d i n g energy E D can be w r i t t e n as: 
E D = E Q + PV 
where E Q i s t h e e f f e c t i v e mass b i n d i n g energy, V i s t h e 
s q u a r e - w e l l p o t e n t i a l i n t h e c e n t r a l c e l l o f the donor and 
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P i s t h e p r o b a b i l i t y t h a t t h e donor e l e c t r o n i s i n the 
c e n t r a l c e l l . A s i m i l a r e x p r e s s i o n h o l d s f o r t h e b i n d i n g 
energy o f t h e bound e x c i t o n , E B X : 
E = E ' + P'V BX O 
where i s t h e e x c i t o n reduced mass and P 1 i s t h e p r o b a b i l i t y 
o f t h e bound e x c i t o n e l e c t r o n s b e i n g i n the c e n t r a l c e l l . 
Combining t h e s e two e q u a t i o n s g i v e s 
E B X = K + ( P ' / P ) * A + ( P ' / P ) ( E 2 p - E l s ) 
C o n s i d e r i n g t h e l i m i t i n g cases o f l i g h t and heavy h o l e s , 
P'/p was e s t i m a t e d f o r l i g h t and heavy h o l e s t o have values 
o f 0.033 and 0.4 r e s p e c t i v e l y . The r e s u l t s o f Merz e t a l 
were a good f i t t o t h e above c a l c u l a t i o n and showed t h a t 
t h e v a r i a t i o n o f t h e e x c i t o n b i n d i n g e n e r g i e s f o r d i f f e r e n t 
donors i s a c e n t r a l c e l l e f f e c t . S i m i l a r arguments were 
a l s o made f o r e x c i t o n s bound t o i o n i z e d donors. 
L i a n g and Y o f f e (15) have i n v e s t i g a t e d r a d i a t i v e 
r e c o m b i n a t i o n i n hexagonal ZnSe at 4.2 and 77 K. They found 
t h e i n t e n s i t y o f t h e bound e x c i t o n luminescence t o be 
s t r o n g l y dependent on temperature. The d i s s o c i a t i o n e n e r g i e s 
f r o m t h e bound s t a t e were r e l a t i v e l y s m a l l , r a n g i n g from 
about 0.3 meV t o 10 meV. They s t u d i e d a b s o r p t i o n and 
luminescence on t h e same ZnSe c r y s t a l i n t h e E J L C d i r e c t i o n , 
and observed two I and i ' e x c i t o n peaks a t 2.851 and 
o o 
2.849 e V j W i t h l y I 2 a n d I 3 l i n e s at about 2.845, 2.842 and 
2.838 eV r e s p e c t i v e l y . S e v e r a l o t h e r l i n e s were a l s o 
observed, f o r example, I 4 (2.831 eV), I 5 (2.828 eV), 
I l a (2.816 eV), I l b , I 3 a (2.812 eV), 1^ (2.809 eV) and 
(2.806 eV). They t e n t a t i v e l y assigned t h e I . and I _ 
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l i n e s t o e x c i t o n s bound t o n e u t r a l acceptors and n e u t r a l 
donors r e s p e c t i v e l y , and t h e I 3 l i n e t o an e x c i t o n bound 
t o an i o n i z e d a c c e p t o r . They assumed t h a t t h e 1^ and 1^ 
l i n e s m i g h t be due t o t h e e m i s s i o n o f a c o u s t i c phonons 
a s s o c i a t e d w i t h I 3 - The U l a / I 2 a / I 3 a ) a n d ^ i b ' I 2 b ' "^b^ 
l i n e s were p r o b a b l y due t o t h e emission o f t r a n s v e r s e and 
l o n g i t u d i n a l phonons a s s o c i a t e d w i t h (1^, I^i I3)» 
r e s p e c t i v e l y . However, t h e o r i g i n o f the I and 1^ e x c i t o n 
l i n e s was n o t w e l l u nderstood. 
L i a n g and Y o f f e have a l s o s t u d i e d t he luminescence 
spectrum o f hexagonal ZnSe a f t e r i t had been bombarded by 
manganese i o n s w i t h e n e r g i e s o f 75-100 keV. The bound 
e x c i t o n e m i s s i o n was compared b e f o r e and a f t e r bombardment. 
The i o n damage was found t o a l t e r the environment o f t h e 
donor and a c c e p t o r i m p u r i t i e s , by changing the c r y s t a l 
s t r u c t u r e l o c a l l y f rom t h e hexagonal t o the c u b i c m o d i f i c a -
t i o n . I n t h e spectrum o f the bombarded c r y s t a l , t h e y found 
an I 3 l i n e (which had appeared i n hexagonal ZnSe), new L^, 
and L 3 peaks a t about 2.797 and 2.783 eV and a l s o L 3 a and L. 
peaks i n t h e r e g i o n between 2.773 and 2.690 eV. They con-
c l u d e d t h a t and L 3 were due t o e x c i t o n s bound t o n e u t r a l 
donors and t o n e u t r a l a c c e p t o r s r e s p e c t i v e l y w h i l e L- and 
3 a 
L,, corresponded t o one and two LO phonon r e p l i c a s o f L«. 
2-3 Phonon-Assisted Edge Emission 
Many o f t h e I I - V I compounds e x h i b i t a s e r i e s o f 
e m i s s i o n peaks on t h e l o n g wavelength s i d e of the a b s o r p t i o n 
edge. These peaks have an e q u a l energy spacing which i s 
e q u a l t o t h e LO phonon energy o f the h o s t l a t t i c e . The LO 
phonon energy i s r e l a t e d t o t h e t r a n s v e r s e o p t i c a l (TO) 
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phonon energy by t h e Lyddane, Sachs, T e l l e r r e l a t i o n 
ELO * ETO < es/ e->* (2) 
where e i s t h e s t a t i c d i e l e c t r i c c o n s t a n t and e i s t h e 
s 00 
h i g h frequency o r o p t i c a l d i e l e c t r i c c o n s t a n t . The phonon 
a s s i s t e d bands i n t h e s e r i e s have a w i d t h of about. 12 meV 
which i s q u i t e broad i n comparison w i t h t h e bound e x c i t o n 
e m i s s i o n . The bands occur a t lower e n e r g i e s a t 4.2 K than 
t h e y do a t 77 K. 
Fluorescence e m i s s i o n o f near-band-gap energy i n 
I I - V I compounds a t low temperatures occurs by t h e s i m u l t a n -
eous e m i s s i o n o f photons and 0, 1, 2, 3 .... LO phonons. 
The r e l a t i v e i n t e n s i t i e s o f t h e bands w i t h i n a s e t have been 
d e s c r i b e d by a r e l a t i o n o f t h e form (16,17) 
1 = 1 N n / n l (3) n . o 
where I i s t h e i n t e n s i t y o f t h e zero phonon l i n e , I i s t h e o n 
r e l a t i v e i n t e n s i t y o f t h e (n+1) t h l i n e i n v o l v i n g t h e 
e m i s s i o n o f a photon p l u s n phonons. N i s t h e average 
number o f e m i t t e d LO phonons. 
Kroger (18) f i r s t r e c o g n i z e d t h e above emission 
bands i n CdS and ZnS c r y s t a l s . F o l l o w i n g t h i s i n i t i a l 
o b s e r v a t i o n , a model o f f l u o r e s c e n c e i n I I - V I compounds 
was proposed (19,20) which was based on t h e r e c o m b i n a t i o n 
between f r e e e l e c t r o n s and t r a p p e d h o l e s a t an i m p u r i t y 
c e n t r e . Lambe and K l i c k (21,22) proposed a d i f f e r e n t 
model i n whic h t h e y suggested t h a t t h e luminescence r e s u l t e d 
f r o m t h e r e c o m b i n a t i o n between trapped e l e c t r o n s and f r e e 
h o l e s . 
Reynolds e t a l (11) have s t u d i e d t h e edge emission 
o f ZnSe c r y s t a l s over a range o f temperatures from 4.2 t o 
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77 K. The c r y s t a l s showed a number o f l i n e s and bands near 
th e a b s o r p t i o n edge. The onset of i n t r i n s i c a b s o r p t i o n 
i n ZnSe a t 4.2 K occurs a t a photon energy o f 2.83 eV. 
Two d i f f e r e n t c h a r a c t e r i s t i c types o f s p e c t r a were observed 
i n t h e i r i n v e s t i g a t i o n s . W i t h type I c r y s t a l s , t h e emission 
spectrum a t 4.2 K c o n t a i n e d 10 l i n e s l o c a t e d between 4400 
and 49 00£; a t 77 K t h e spectrum c o n t a i n e d o n l y two l i n e s . 
I n a d d i t i o n t o t h e 10 l i n e s p e c t r a , Reynolds e t a l (11) 
observed t h r e e broader e m i s s i o n bands a t 4950, 5350 and 
61102. The energy s e p a r a t i o n o f f i v e o f t h e t e n l i n e s was 
equa l t o t h e LO phonon energy, 0.03 eV c a l c u l a t e d from the 
measured v a l u e o f t h e TO phonon energy, 0.026 eV, i n d i c a t i n g 
t h a t t h e l i n e s L- — r e s u l t from the L_ , 444 82 no-pnonon 
3a 3e 3a 
l i n e , and LO phonon i n t e r a c t i o n s . A t 77 K, the two observed 
peaks d i d n o t appear t o b e l o n g t o t h e phonon-assisted 
e m i s s i o n s e r i e s , b u t were d e r i v e d from t h e s h o r t e r wavelength 
L-^  and l i n e s . 
W i t h t y p e I I c r y s t a l s , the emi s s i o n spectrum a t 
4.2 K c o n t a i n e d 14 l i n e s and bands l o c a t e d between 4400 and 
4900 S; a t 77 K t h e spectrum c o n t a i n e d o n l y t h r e e l i n e s 
one o f which was l o c a t e d a t t h e fundamental a b s o r p t i o n edge 
(4388 & ) . I n t h e 14 l i n e spectrum a phonon a s s i s t e d - s e r i e s 
was a l s o observed w i t h t h e no-phonon l i n e a t 4598$. At 
77 K a d i f f e r e n t e m i s s i o n s e r i e s was observed which was 
s h i f t e d t o h i g h e r phonon energy by about 0.015 eV. T h i s 
s h i f t i n t h e p o s i t i o n o f t h e phonon-assisted emission bands 
w i t h t e m p e r a t u r e i s s i m i l a r t o t h a t observed i n t h e green 
e m i s s i o n o f CdS. 
The changes i n t h e ZnSe phonon-assisted edge emission 
w i t h t e m p e r a t u r e are i l l u s t r a t e d i n F i g u r e 2.5a ( 1 1 ) . The 
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v s . wavelength f o r type I I ZnSe s i n g l e c r y s t a l s a t 
s e v e r a l c r y s t a l temperatures c 
CtNTERS 
VAt£M< 
BAUD 
4 •10 
f 
( 
''igurp 2.5(b) Suggested energy scheme accounting f o r 
edge emission l i n e L 1 Q a t 4o2°K and l i n e N 2 a t 77°K 
i n type I I c r y s t a l s of ZnSe„ 
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l i n e L n_ and t h e r e p l i c a s l i n e s L i r. t o L i r. which are 10 lOa 10c 
prominent a t 4.2 K v a n i s h as t h e temperature i s i n c r e a s e d 
t o 77 K, w h i l e two d i f f e r e n t l i n e s N and N„ appear i n 
2 *• «• 
t h e process. Since N i s r e l a t e d t o N v i a a phonon i n t e r -
a c t i o n , one need o n l y account f o r t h e o r i g i n and behaviour 
o f N 2; s i m i l a r remarks apply t o To account f o r t h e 
changes i n t h e edge e m i s s i o n , Reynolds e t a l suggested the 
energy scheme d e p i c t e d i n F i g u r e 2.5b, w i t h an acceptor 
l e v e l l o c a t e d 0.12 eV from t h e valence band, and a s h a l l o w 
t r a p p i n g l e v e l 0.015 eV f r o m t h e c o n d u c t i o n band edge. 
A c c o r d i n g t o t h i s scheme, L 1 Q r e s u l t s from a c e n t r e - t o - c e n t r e 
t r a n s i t i o n which i s dominant a t 4.2 K. When t h e temperature 
i s i n c r e a s e d , t h e 0.015 eV l e v e l becomes depop u l a t e d , and 
t h e dominant t r a n s i t i o n N 2 occurs between f r e e e l e c t r o n s i n 
t h e c o n d u c t i o n band and h o l e s t r a p p e d a t the a c c e p t o r s . 
Reynolds e t a l (11) have suggested t h a t t h e 
d i f f e r e n t emissions from t h e two types o f ZnSe c r y s t a l s 
m i g h t be a t t r i b u t a b l e t o d i f f e r e n t h o s t l a t t i c e d e f e c t s . 
W h i l e t h i s i s c e r t a i n l y p o s s i b l e i t may be t h a t some Of t h e 
d i f f e r e n c e s are connected w i t h s t a c k i n g f a u l t s and t h e 
p o s s i b i l i t y o f o b t a i n i n g c r y s t a l s w i t h mixed cubic-hexagonal 
s t r u c t u r e s . Park and Chan (23) have p o i n t e d o u t , t h e r e i s 
a s h i f t i n a b s o r p t i o n edge between c u b i c and hexagonal ZnSe 
a t room t e m p e r a t u r e o f t h e o r d e r o f 180 R. 
H a l s t e d e t a l (24) s t u d i e d the edge emission s p e c t r a 
o f s e v e r a l I I - V I compounds. They d e t e r m i n a t e d t h e LO 
phonon energy t o be 0.0314 eV f o r c u b i c ZnSe which i s 
c l e a r l y e q u i v a l e n t t o t h e l o n g i t u d i n a l phonon energy c a l -
c u l a t e d from e q u a t i o n (2) and r e s t r a h l e n d a t a . H a l s t e d 
e t a l (25) have i d e n t i f i e d f l u o r e s c e n c e emission bands which 
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r e s u l t from t h e a d d i t i o n o f s p e c i f i c dopants ( C I , Ag, Cu, 
Au ) , and t h e y have used e q u a t i o n (3) as a b a s i s f o r 
c h a r a c t e r i z i n g s p e c t r a w i t h r e s o l v e d LO phonon s t r u c t u r e . 
L i a n g and Y o f f e (15) s t u d i e d hexagonal ZnSe and 
observed a s e r i e s o f phonon a s s i s t e d bands near t h e a b s o r p t i o n 
edge, which were s e p a r a t e d by equal energy i n t e r v a l s o f 
0.0318 ± 0.0004 eV. T h e i r emission spectrum a t 77 K con-
t a i n e d 5 peaks between 2.7461 and 2.620 eV w h i l e a t 4.2 K 
t h e spectrum a l s o c o n t a i n e d 5 peaks between 2.7384 and 
2.612 eV. These two s e r i e s were e x p l a i n e d i n terms o f a 
t r a n s i t i o n between an e l e c t r o n i n the c o n d u c t i o n band and 
a t r a p p e d h o l e a t 77 K, and a t r a n s i t i o n between a t r a p p e d 
e l e c t r o n and a t r a p p e d h o l e a t 4.2 K. 
The s h i f t i n t h e phonon-assisted emission peaks w i t h 
t e m p e r a t u r e can t h e r e f o r e be e x p l a i n e d i n terms o f v a r i o u s 
l o c a l i z e d d e f e c t s and an i m p o r t a n t c l a s s o f band edge 
e m i s s i o n processes i n I I - V I compounds t h e r e f o r e i n v o l v e s 
two d e f e c t s . The t h e o r y o f t r a n s i t i o n s between p a i r s o f 
d e f e c t s , i . e . t h e "donor-acceptor p a i r " emission has been 
c o n f i r m e d i n s t u d i e s o f ZnSe. 
2.3.1 Donor-acceptor p a i r emission 
H i s t o r i c a l l y , t h e donor-acceptor p a i r r e c o m b i n a t i o n 
p r o c e s s , i n which an e l e c t r o n on a donor recombines w i t h a 
h o l e on an a c c e p t o r , was f i r s t suggested by Prener and 
W i l l i a m s (26) t o e x p l a i n t h e broad green and r e d luminescence 
bands i n ZnS. However, d e t a i l e d evidence f o r the e x i s t e n c e 
o f t h i s process was n o t o b t a i n e d u n t i l t h e c h a r a c t e r i s t i c 
sharp l i n e s t r u c t u r e (due t o no-phonon r e c o m b i n a t i o n s ) 
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r e s u l t i n g f rom many d i f f e r e n t d i s c r e t e p a i r s was observed 
by H o p f i e l d e t a l (27) and Thomas e t a l (28) i n g a l l i u m 
phosphide. As d e s c r i b e d i n t h e p r e c e d i n g s e c t i o n s P e d r o t t i 
and Reynolds (2) have o b t a i n e d support f o r t h e model 
o r i g i n a l l y proposed f o r t h e edge emission i n CdS, i n which 
t h e h i g h energy s e r i e s (HES) i s a t t r i b u t e d t o t h e recombina-
t i o n o f f r e e e l e c t r o n s w i t h h o l e s bound t o acceptors 
("free-to-bound" r e c o m b i n a t i o n s ) and t h e low energy s e r i e s 
(LES) i s a s s o c i a t e d w i t h t h e r e c o m b i n a t i o n o f e l e c t r o n s 
bound t o s h a l l o w donors w i t h h o l e s bound a t t h e same 
acce p t o r s ( " p a i r " r e c o m b i n a t i o n s ) . Colbow (29) extended 
t h e measurements on CdS and used the t e c h n i q u e o f " t i m e -
r e s o l v e d s p e c t r o s c o p y " a t d i f f e r e n t temperatures. His 
r e s u l t s i n d i c a t e d t h a t t h e LES spectrum d i s p l a y e d a substan-
t i a l s h i f t w i t h t i m e a t 4.2 K. I n a d d i t i o n i t was shown 
t h a t t h e LES bands a l s o broadened and s h i f t e d t o h i g h e r 
e n e r g i e s as t h e e x c i t a t i o n i n t e n s i t y i n c r e a s e d . However, 
th e HES spectrum was found t o show n e i t h e r t h e " t i m e - s h i f t " 
nor t h e " i n t e n s i t y s h i f t " (29,30). These s h i f t s have been 
e x p l a i n e d i n t h e f o l l o w i n g way. 
The ground s t a t e o f a donor-acceptor p a i r i s 
c h a r a c t e r i z e d by b o t h p a r t i c l e s b e i n g i n t h e i r r e s p e c t i v e 
i o n i z e d s t a t e s . A donor-acceptor p a i r i s i n an e x c i t e d 
s t a t e when an e l e c t r o n and h o l e are c a p t u r e d by the i o n i z e d 
donor and a c c e p t o r r e s p e c t i v e l y . P a i r emission occurs when 
th e bound e l e c t r o n recombines w i t h t h e bound h o l e . The 
e m i s s i o n energy o f a bound-to-bound t r a n s i t i o n from a donor-
a c c e p t o r p a i r , s e p a r a t e d by r , where r i s l a r g e compared t o 
t h e r a d i i o f t h e wave f u n c t i o n s o f t h e donors and a c c e p t o r s 
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i s g i v e n by; 
2 
E ( r ) = E G - ( E D + E A ) + (4) 
where E Q i s t h e band gap energy, E Q and E ^ a r e t h e i o n i z a t i o n 
e n e r g i e s o f t h e i s o l a t e d donors and a c c e p t o r s r e s p e c t i v e l y , 
e i s t h e e l e c t r o n i c c h arge and e i s t h e low fr e q u e n c y 
d i e l e c t r i c c o n s t a n t . The f i n a l term i s due t o the Coulonibic 
i n t e r a c t i o n o f t h e donors and a c c e p t o r s . F o r an i s o l a t e d 
p a i r , v a l u e s o f r a r e l i m i t e d by the c r y s t a l s t r u c t u r e and 
range up t o a maximum v a l u e , r , e q u a l t o (donor o r a c c e p t o r 
-1/3 
c o n c e n t r a t i o n ) ' . The p o s s i b l e v a l u e s of r a r e d i s c r e t e l y 
d i s t r i b u t e d and a spectrum o f d i s c r e t e l i n e s w i l l r e s u l t . 
Assuming t h e c o n c e n t r a t i o n o f t h e i o n i z e d donors and 
a c c e p t o r s t o be e q u a l f o r n e u t r a l i t y r e a s o n s , and t h e n e u t r a l 
d o n o r - a c c e p t o r p a i r s e p a r a t i o n t o be r , the r e c o m b i n a t i o n 
t r a n s i t i o n p r o b a b i l i t y (W(r)) i s ap p r o x i m a t e l y g i v e n by 
W ( r ) = W q exp ( - 2 r / r B ) (5) 
where W i s t h e r e a c t i o n c o n s t a n t and r_. i s t h e Bohr r a d i u s o B 
of t h e l e s s t i g h t l y bound c a r r i e r , w h i c h f o r E A > E D i s the 
e l e c t r o n . 
E q u a t i o n (4) shows t h a t r e c o m b i n a t i o n of c l o s e p a i r s 
l e a d s t o d i f f e r e n t v a l u e s o f E ( r ) f o r d i f f e r e n t v a l u e s o f r . 
F o r t h i s r e a s o n , numerous s h a r p l i l i e s a r i s e f o r t h e many 
p o s s i b l e s e p a r a t i o n s between t h e donors and a c c e p t o r s , and a 
p a r t i c u l a r l i n e can be a s s i g n e d t o a p a r t i c u l a r p a i r s e p a r a -
t i o n . I t h as been shown (27) t h a t by doping t h e Ga o r P 
s u b - l a t t i c e s o f GaP, d i f f e r e n t v a l u e s f o r r a r e o b t a i n e d and 
hence d i f f e r e n t l i n e s p e c t r a r e s u l t . U s i n g e q u a t i o n (4) t h e 
v a l u e s of ( E n + E a ) f o r a p a r t i c u l a r p a i r o f i m p u r i t i e s can 
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be d e r i v e d . F o r l a r g e r , t h e d i s c r e t e , c l o s e l y s p a c e d l i n e s 
merge i n t o a b r o a d c o n t i n u o u s band which i s the z e r o o r d e r 
member of the LES edge e m i s s i o n . The e m i s s i o n i n t e n s i t y 
from i s o l a t e d p a i r s a t s e p a r a t i o n r w i l l be p r o p o r t i o n a l t o 
t h e number o f p a i r s . F o r s e p a r a t i o n s l e s s t h a n r Q the 
r e l a t i v e number of i s o l a t e d p a i r s of s e p a r a t i o n r i s propor-
t i o n a l t o t h e number o f l a t t i c e p o s i t i o n s , t h e t h e r m a l 
h i s t o r y o f t h e sample and t h e d i f f u s i v i t i e s o f t h e doriors 
and a c c e p t o r s . I n GaP t h e broad e m i s s i o n has been c l e a r l y 
a s s o c i a t e d w i t h t h e p a i r l i n e s and s h i f t s w i t h t h e s e l i n e s 
when ( E D + E A ) i s v a r i e d . 
S i n c e t h e l i f e t i m e o f t h e p a i r s i s e x p e c t e d t o v a r y 
w i t h r , i t was a n t i c i p a t e d t h a t a study of t h e s p e c t r a l 
d i s t r i b u t i o n d u r i n g t h e decay o f the broad band e m i s s i o n 
would be i n s t r u c t i v e . Thomas e t a l (30,31) have i n v e s t i g a t e d 
b o t h t h e o r e t i c a l l y and e x p e r i m e n t a l l y t h e consequences o f t h e 
v a r y i n g t r a n s i t i o n r a t e w i t h p a i r s e p a r a t i o n . F o r l a r g e r , 
e q u a t i o n (5) p r e d i c t s t h a t t h e i n t e n s i t y , I ( t ) , o f t h e e m i t t e d 
l i g h t a t time t a f t e r e x c i t a t i o n w i l l i n v o l v e a sum o v e r a l l 
p a i r s o f t h e p r o d u c t o f W(r) f o r a p a r t i c u l a r p a i r w i t h t h e 
number o f s u c h p a i r s p r e s e n t a f t e r time t . The r e s u l t i s 
t h a t t h e decay o f t h e t o t a l l i g h t i n t e n s i t y i s n o n - e x p o n e n t i a l , 
and s u c h a decay does not impl y t h e e x i s t e n c e of a d i s t r i b u -
t i o n o f t r a p depths and t h e r m a l d e t r a p p i n g . The s p e c t r a l 
d i s t r i b u t i o n o f a d e c a y i n g p a i r band a f t e r f l a s h e x c i t a t i o n 
w i l l s h i f t t o lo w e r e n e r g i e s and the band w i l l d e c r e a s e i n 
w i d t h d u r i n g t h e decay. T h i s i s a d i r e c t consequence of t h e 
more r a p i d decay of t h e p a i r s w i t h s m a l l e r s e p a r a t i o n s which 
c o n t r i b u t e t h e h i g h e r energy photons and t h e reduced Coulombic 
b r o a d e n i n g w i t h t h e l o n g e r l i v e d p a i r s of l a r g e s e p a r a t i o n s . 
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One might p r e d i c t from e q u a t i o n (5) t h a t p a i r s w i t h l a r g e 
r w i t h t h e l o n g e r decay t i m e s , would be s a t u r a t e d w i t h 
i n c r e a s i n g e x c i t a t i o n i n t e n s i t y . T h i s would r e s u l t i n a 
s h i f t o f t h e p a i r e m i s s i o n band t o h i g h e r e n e r g i e s , such a 
s h i f t has been o b s e r v e d i n CdS by Orr e t a l ( 3 2 ) . 
Sharp l i n e s p e c t r a merging i n t o the z e r o phonon p a i r 
band were f i r s t o b s e r v e d i n GaP. O r i g i n a l l y w i t h t h e I I - V I 
compounds t h e p a i r l i n e s t r u c t u r e was n o t o b s e r v e d . Most of 
t h e I I - V I compounds a r e d i r e c t - g a p s e m i c o n d u c t o r s , whereas 
t h e I I I - V compounds, s u c h as GaP i n w h i c h p a i r l i n e s t r u c t u r e 
has been o b s e r v e d a r e i n d i r e c t - g a p s e m i c o n d u c t o r s . I n o r d e r 
t o o b s e r v e d i s c r e t e p a i r l i n e e m i s s i o n i n d i r e c t - g a p m a t e r i a l s 
v e r y h i g h i n t e n s i t i e s o f e x c i t a t i o n a r e needed s i n c e the 
i n t e n s i t i e s o f p a i r l i n e s a r i s i n g from p a i r s w i t h s m a l l 
s e p a r a t i o n s must be s a t u r a t e d . Such e x c i t a t i o n i n t e n s i t i e s 
a r e e x p e c t e d t o be much h i g h e r i n d i r e c t s e m i c o n d u c t o r s than 
i n i n d i r e c t ones. I n a d d i t i o n the e m i s s i o n of bound e x c i t o n s 
i s much s t r o n g e r i n d i r e c t I I - V I compounds than i n i n d i r e c t 
I I I - V compounds, and t h i s l u m i n e s c e n c e appears i n the same 
r e g i o n as t h a t i n w h i c h p a i r l i n e s t r u c t u r e i s e x p e c t e d . 
I i d a (33) s t u d i e d t h e edge and s e l f - a c t i v a t e d 
e m i s s i o n o f p ure ZnSe c r y s t a l s . At t h e h i g h e s t e x c i t a t i o n 
i n t e n s i t y no d i s c r e t e p a i r l i n e s were ob s e r v e d . However, 
th e edge e m i s s i o n c o n t a i n e d two s e r i e s o f bands a t t r i b u t e d 
t o t h e HES a t about 2.703 and 2.675 eV a t 77 K and t h e LES 
a t about 2.700 and 2.671 eV a t 4.2 K. V a l u e s of the donor 
and a c c e p t o r b i n d i n g e n e r g i e s were c a l c u l a t e d from t i m e -
r e s o l v e d measurements, u s i n g e q u a t i o n ( 4 ) , t o be 26 ± 3 meV 
and 100 ± 1 meV r e s p e c t i v e l y . The o b s e r v e d LES depended on 
t h e i n t e n s i t y o f e x c i t a t i o n and s h i f t e d by about 0.005 eV t o 
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l o w e r energy under weak e x c i t a t i o n . The LES e m i s s i o n bands 
a l s o s h i f t e d by about 0.003 eV t o lower e n e r g i e s some 50^sec 
a f t e r e x c i t a t i o n . T h i s i s shown i n F i g u r e 2.6. As e x p l a i n e d 
above t h i s b e h a v i o u r i s e x p e c t e d from t h e slow decay of p a i r s 
w i t h l a r g e r s e p a r a t i o n s . 
V e r y r e c e n t l y d i s c r e t e d o n o r - a c c e p t o r l i n e s have been 
o b s e r v e d i n t h e e m i s s i o n s p e c t r a of c u b i c ZnSe by Dean and 
Merz ( 1 3 ) . A t y p i c a l s p e c t r u m i s shown i n F i g u r e 2.7. The 
a s s i g n m e n t o f e a c h l i n e was made u s i n g t h e i n t e n s i t y 
p a t t e r n s c a l c u l a t e d f o r t h e z i n c b l e n d e l a t t i c e assuming a 
t y p e I c o n f i g u r a t i o n , i . e . t h a t c o n f i g u r a t i o n i n which the 
donors and a c c e p t o r s occupy t h e same type of l a t t i c e s i t e . 
The c a l c u l a t e d i n t e n s i t y d i s t r i b u t i o n was found t o be i n 
s a t i s f a c t o r y agreement w i t h t h e e x p e r i m e n t a l r e s u l t s e x c e p t 
f o r t h e l i n e s a s s o c i a t e d w i t h v e r y c l o s e p a i r s . With t h e 
t y p e I I c o n f i g u r a t i o n , i . e . where t h e donors and a c c e p t o r s 
a r e on o p p o s i t e l a t t i c e s i t e s , no agreement a t a l l was found. 
I n F i g u r e 2.7, the s h a r p l i n e s a r e due t o e l e c t r o n - h o l e 
r e c o m b i n a t i o n a t d i s t a n t d o n o r - a c c e p t o r p a i r s w i t h d i f f e r e n t 
m utual s e p a r a t i o n s . The i n t e g e r s i n p a r e n t h e s e s denote the 
s h e l l numbers m, i . e . t h e s e p a r a t i o n of the p a i r s , m i s 
d e f i n e d by r = (k m) ^  a Q where a Q = 5.67 A* i s the l a t t i c e 
c o n s t a n t . The numbers not i n p a r e n t h e s e s i n d i c a t e t h e t o t a l 
number o f p a i r s w i t h i n a g i v e n s h e l l m. F o r m = 14 or 30 
no p a i r s a r e p o s s i b l e . The p o s i t i o n s c o r r e s p o n d i n g t o such 
s h e l l numbers a r e denoted by "G" i n t h e spectrum and c l e a r l y 
no s h a r p l i n e s a r e o b s e r v e d a t t h e s e p o s i t i o n s which l e n d s 
s t r o n g s u p p o r t t o t h e i n t e r p r e t a t i o n . The energy p o s i t i o n s 
o f t h e v a r i o u s l i n e s a r e a l s o i n good agreement w i t h t h o s e 
p r e d i c t e d by e q u a t i o n ( 4 ) . However, the agreement becomes 
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worse f o r c l o s e p a i r s c o r r e s p o n d i n g t o r ^  30 8 (m ^ 5 5 ) . 
The e x p e r i m e n t a l e n e r g i e s o f such l i n e s change w i t h r a t a 
s l o w e r r a t e t h a n p r e d i c t e d . As t o t h e c h e m i c a l i d e n t i t i e s 
of t h e donor and a c c e p t o r r e s p o n s i b l e f o r t h e s e p a i r l i n e s , 
no i n f o r m a t i o n can be o f f e r e d a t p r e s e n t . 
Dean and Merz found two s e r i e s of t h e br o a d e r edge 
e m i s s i o n bands a f t e r a n n e a l i n g i n Zn vapour a t 700°C. The 
h i g h e r energy s e r i e s had i t s z e r o phonon member, R Q a t about 
2.710 eV w i t h t h r e e LO phonon r e p l i c a s a t 2.677, 2.664 and 
2.612 eV. I n f a c t t h i s R band i s a s s o c i a t e d w i t h t h e p a i r 
o * 
e m i s s i o n d i s c u s s e d above and i s composed o f a l a r g e number 
o f u n r e s o l v e d d i s t a n t p a i r l i n e s . The second s e r i e s o f bands 
l a b e l l e d Q, had i t s z e r o o r d e r member QQ a t about 2.692 eV 
w i t h t h r e e LO phonon r e p l i c a s a t about 2.659, 2.629 and 
2.597 eV. No f i n e s t r u c t u r e a s s o c i a t e d w i t h Q Q was found. 
The R bands e x h i b i t e d s e v e r a l of the c h a r a c t e r i s t i c p r o p e r t i e s 
o f " p a i r " r e c o m b i n a t i o n . I n p a r t i c u l a r t h e y had lo n g non-
e x p o n e n t i a l d e c a y s . The h i g h energy t a i l s o f t h e bands 
decayed f i r s t , c a u s i n g a r e d u c t i o n i n bandwidth and d i s p l a c e -
ment of t h e band maxima t o lower e n e r g i e s w i t h time. The R Q 
band a l s o broadened and s h i f t e d t o h i g h e r e n e r g i e s as t h e 
e x c i t a t i o n i n t e n s i t y was i n c r e a s e d . 
D o n o r - a c c e p t o r p a i r s a s s o c i a t e d w i t h t h e t h r e e 
donors ( A l , Ga and I n ) have been obse r v e d by Merz e t a l ( 3 4 ) , 
i n t h e p h o t o l u m i n e s c e n c e of ZnSe e x c i t e d by an argon i o n 
l a s e r a t 1.6 K. The donors were i d e n t i f i e d from t h e r a d i a t i v e 
r e c o m b i n a t i o n o f t h e e x c i t o n s bound t o n e u t r a l donors (1^ l i n e s ) , 
t h e e x c i t o n s bound t o the i o n i z e d donors ( I ^ l i n e s ) and t h e 
two e l e c t r o n t r a n s i t i o n s , w h i c h have a l r e a d y been d e s c r i b e d 
9! 
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i n S e c t i o n 2.2.2 ( 1 4 ) . Merz e t a l o b s e r v e d bound e x c i t o n 
e m i s s i o n s which t h e y c a l l e d i ^ e e P a n d i * # t o g e t h e r w i t h 1^ 
l i n e s i n t h e r e g i o n of 2.78 t o 2.80 eV. At lower e n e r g i e s 
below t h e i ^ e e P l i n e , d o n o r - a c c e p t o r p a i r l i n e s were o b s e r v e d 
a t about 2.76 and 2.75 eV t o g e t h e r w i t h phonon r e p l i c a s o f 
t h e I x and i ^ e e P l i n e s . A l a r g e number of t h e s h a r p , c l o s e l y -
s p a c e d p a i r l i n e s were o b s e r v e d , which merged i n t o a broad 
band a t about 2.694 eV, which had two LO phonon r e p l i c a s a t 
2.662 and 2.632 eV. These d o n o r - a c c e p t o r p a i r l i n e s were 
e x p l a i n e d w i t h t h e h e l p of e q u a t i o n (4) and t h e p o l a r i z a t i o n 
i n t e r a c t i o n was c o n s i d e r e d f o r c l o s e p a i r s by adding a Van 
d e r Waals term. F o r c l o s e p a i r s , the ob s e r v e d photon energy 
from a d o n o r - a c c e p t o r r e c o m b i n a t i o n p r o c e s s i s s i g n i f i c a n t l y 
i n c r e a s e d by t h e Coulomb i n t e r a c t i o n . F o r d i s t a n t p a i r s , the 
d i f f e r e n c e s Ar between s u c c e s s i v e s h e l l s a r e s m a l l , and t he 
l i n e s merge i n t o a broad band. F o r a low power d e n s i t y of 
t h e e x c i t i n g l i g h t , t h i s broad p a i r band dominates, s i n c e 
t h e d i s t a n t p a i r s have l o n g e r l i f e t i m e s t h a n c l o s e p a i r s . 
As t h e e x c i t a t i o n power i n c r e a s e s , the d i s t a n t p a i r s become 
s a t u r a t e d and t he peak of t h e p a i r band b e g i n s t o move t o 
h i g h e r e n e r g i e s . The i d e n t i f i c a t i o n of t h e i n d i v i d u a l 
d i s c r e t e l i n e s i n t h e sp e c t r u m was made on the b a s i s o f type I 
p a i r i n g where t h e p a i r s occupy t h e same t y p e of s u b l a t t i c e . 
T h r e e d i f f e r e n t p a i r s y s tems were o b t a i n e d when t h e c r y s t a l s 
were doped w i t h A l , Ga o r I n . The i n t e n s i t y of t h e p a i r 
l i n e s depended on t h e doping l e v e l . L i and p o s s i b l y Na 
were found t o be t h e o n l y s o l u b l e s h a l l o w a c c e p t o r s i n ZnSe 
The p a i r s p e c t r u m r e p o r t e d by Dean and Merz ( 1 3 ) , was a l s o 
o b s e r v e d and re-examined but t h e c h e m i c a l i d e n t i t i e s o f t h e 
donor and a c c e p t o r r e s p o n s i b l e c o u l d not be determined. 
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2.4 Deep C e n t r e Luminescence 
Broad e m i s s i o n bands w i t h photon e n e r g i e s w e l l 
below t h e band gap a r e r e a d i l y o b s e r v e d i n most I I - V I 
compounds. Such bands a r e a s s o c i a t e d w i t h d e l i b e r a t e l y 
added i m p u r i t i e s o r d e f e c t s i n the h o s t l a t t i c e . Two t y p e s 
of i m p u r i t i e s can be i n t r o d u c e d i n t o I I - V I compounds to 
modify t h e i r l u m i n e s c e n t b e h a v i o u r . They a r e c a l l e d 
(1) a c t i v a t o r s ( a c c e p t o r s ) (2) c o a c t i v a t o r s ( d o n o r s ) . The 
a c t i v a t o r e l e m e n t s a r e copper, s i l v e r , g o l d , f o r example, 
w h i c h occupy group I I c a t i o n s i t e s and behave as deep 
a c c e p t o r l e v e l s ( l u m i n e s c e n t c e n t r e s ) . The a c t i v a t o r i m p u r i t y 
has been thought of as the s i t e a t which the r e c o m b i n a t i o n o f 
an e l e c t r o n and h o l e o c c u r s w i t h the r a d i a t i v e e m i s s i o n of 
o f energy. The c o a c t i v a t o r elements a r e C I , Br, I , A l , Ga, 
I n e t c . , where t h e h a l i d e s occupy group V I a n i o n s i t e s and 
t h e aluminium, g a l l i u m or indium occupy c a t i o n s i t e s . A l l 
o f t h e s e form donor l e v e l s . I n a d d i t i o n t o t h e d e f e c t s 
a s s o c i a t e d w i t h d e l i b e r a t e l y added i m p u r i t i e s , a l l c r y s t a l s 
c o n t a i n a c e r t a i n c o n c e n t r a t i o n of n a t i v e d e f e c t s . These 
n a t i v e d e f e c t s u s u a l l y p r o v i d e s e l f a c t i v a t i o n or c o a c t i v a t i o n 
f o r t h e l u m i n e s c e n c e o f I I - V I compounds and can behave as 
double a c c e p t o r s o r donors. 
F o r t h e most p a r t t h e numerous e m i s s i o n bands i n 
I I - V I compounds have been s t u d i e d w i t h p a r t i c u l a r r e f e r e n c e 
t o ZnS and CdS. T h r e e b a s i c models t o d e s c r i b e the deep 
c e n t r e l u m i n e s c e n c e have been proposed and t h e s e a r e 
i l l u s t r a t e d s c h e m a t i c a l l y i n F i g u r e 2.8. (a) The S c h o n - K l a s e n s 
(19,20) model r e g a r d s t h e l u m i n e s c e n c e as the r e s u l t of 
r a d i a t i v e r e c o m b i n a t i o n of an e l e c t r o n from the c o n d u c t i o n 
band w i t h a h o l e t r a p p e d a t an a c c e p t o r l e v e l s e v e r a l t e n t h s 
Conduction band 
Valence band 
(a) Schon-Klasens model 
Conduction band 
Valence band 
( b ) Lambe-Kl ick model 
Conduction b a n d 
Valence band 
(c) Prener-Apple-Wi l l iams model 
F igu re 2 . 8 Schematic r e p r e s e n t a t i o n of t h r e e models f o r the 
rad ia t ive recombinat ion p rocesses in II-VT compounds. 
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o f an eV above t h e v a l e n c e band, (b) t h e Lambe and K l i c k 
(21) model a t t r i b u t e s t h e l u m i n e s c e n c e t o the r e c o m b i n a t i o n 
o f a h o l e i n t h e v a l e n c e band w i t h an e l e c t r o n t r a p p e d a t a 
l e v e l s l i g h t l y below t h e c o n d u c t i o n band, (c) the P r e n e r -
W i l l i a m s (26) model i n v o l v e s the r e c o m b i n a t i o n of an e l e c t r o n 
c a p t u r e d a t a donor w i t h a h o l e c a p t u r e d a t a nearby 
a c c e p t o r ; t h e l u m i n e s c e n c e i s due t o a l o c a l i z e d e l e c t r o n 
t r a n s i t i o n w i t h i n a c e n t r e composed of t h e s e a s s o c i a t e d 
p a i r s . 
2.4.1 S e l f - a c t i v a t e d e m i s s i o n 
The mechanism of the s e l f - a c t i v a t e d e m i s s i o n i n 
I I - V I compounds g e n e r a l l y i s u n c e r t a i n , but i n ZnS a con-
s i s t e n t i n t e r p r e t a t i o n has been a c h i e v e d on the b a s i s of 
t h e P r e n e r - W i l l i a m s model. A d e f e c t c o n s i s t i n g of a c l o s e 
a s s o c i a t i o n o f a doubly i o n i z e d z i n c v a c a n c y a c c e p t o r and 
an i o n i z e d i m p u r i t y donor has been i d e n t i f i e d as the 
l u m i n e s c e n t c e n t r e . The e m i s s i o n peak s h i f t s t o l o n g e r wave-
l e n g t h s when t h e c o a c t i v a t o r i s changed from anion ( C I ) t o 
c a t i o n ( A l ) s u b s t i t u t i o n . T h i s l e n d s f u r t h e r s u p p o r t t o t h e 
p roposed model. A s i m i l a r c o n c l u s i o n has been s u g g e s t e d 
f o r ZnSe by Hblton e t a l (35) who o b s e r v e d s e l f - a c t i v a t e d 
e m i s s i o n bands a t about 1.987 i n ZnSe : C I , and 1.934 eV 
i n ZnSe : A l a t 80 K. 
Lehmann (36) has examined t h e s e l f - a c t i v a t e d 
e m i s s i o n of c u b i c z i n c s e l e n i d e a t 77 K which a c c o r d i n g t o 
him c o n s i s t s e s s e n t i a l l y of a s i n g l e band w i t h the peak 
a t about 2.0 eV. 
L a r a c h (37) o b s e r v e d c a t h o d o l u m i n e s c e n c e e m i s s i o n 
bands a t about 1.946 and 2.032 eV bands i n undoped and 
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A l doped ZnSe c r y s t a l s a t 300 K. Aven and Woodbury .(38) 
o b s e r v e d a s i n g l e G a u s s i a n shaped band a t about 2.066 eV i n 
z i n c s e l e n i d e f o l l o w i n g Zn e x t r a c t i o n and H a l s t e d e t a l (25) 
a l s o found t h e s.ame band i n the e m i s s i o n o f undoped ZnSe 
a t 25 K. S t r i n g f e l l o w and Bube (39) examined t h e l u m i n e s c e n c e 
e m i s s i o n s p e c t r u m a t 85 K and found a broad band w i t h a 
maximum a t 2.03 eV. L i a n g and Y o f f e (15) o b s e r v e d an e m i s s i o n 
band a t 2.02 eV i n hexagonal ZnSe and s u g g e s t e d t h a t t h i s 
was due t o t h e c h l o r i n e and bromine i m p u r i t i e s i n the ZnSe 
powder. 
I i d a (33) had made a d e t a i l e d s t udy of t h e 
c h a r a c t e r i s t i c s e l f - a c t i v a t e d e m i s s i o n i n ZnSe a t d i f f e r e n t 
t e m p e r a t u r e s . A s i n g l e band w i t h a peak a t about 2.026 eV 
was o b s e r v e d a t 4.2 K. T h i s peak s h i f t e d by about 0.04 eV 
t o h i g h e r e n e r g i e s between 4.2 t o 201 K. T h e < t i m e - r e s o l v e d 
s p e c t r a o f t h e s e l f - a c t i v a t e d e m i s s i o n was examined and a 
s h i f t of about 0.07 eV t o l o w e r e n e r g i e s was a p p a r e n t a t 
v a r i o u s t i m e s a f t e r e x c i t a t i o n . An " I n t e n s i t y s h i f t " was 
a l s o o b s e r v e d . I i d a c o n s i d e r e d the a p p l i c a b i l i t y o f two 
models t o t h e s e l f - a c t i v a t e d e m i s s i o n . F i r s t , t h e donor 
a c c e p t o r p a i r r e c o m b i n a t i o n model, which i n v o l v e s the 
s h a l l o w e l e c t r o n i c l e v e l s where t h e i n t e r a c t i o n e n e r g i e s o f 
the l e v e l s w i t h the l a t t i c e a r e s m a l l e r t h a n the Coulomb 
energy between t h e donor and t h e a c c e p t o r . Second, t h e 
c o n f i g u r a t i o n a l c o o r d i n a t e model, w h i c h i s used t o d e s c r i b e 
deep and q u i t e l o c a l i z e d energy l e v e l s where the energy of 
i n t e r a c t i o n w i t h the s u r r o u n d i n g l a t t i c e i s an i m p o r t a n t 
p a r t of t h e t o t a l energy. I n t h e p r e s e n t c a s e t h e d i s p l a c e -
ment of atoms s u r r o u n d i n g t h e a c c e p t o r was c o n s i d e r e d . 
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C o n s e q u e n t l y , t h e s e l f - a c t i v a t e d e m i s s i o n was a t t r i b u t e d 
t o t h e r e c o m b i n a t i o n o f e l e c t r o n s bound a t s h a l l o w donors 
w i t h h o l e s bound a t deep a c c e p t o r s . The v a l u e of the 
a c c e p t o r b i n d i n g energy was found t o be 0.35 eV from the 
t h e r m a l q u e n c h i n g of t h e l u m i n e s c e n c e . 
2.4.2 Copper a c t i v a t e d e m i s s i o n 
Copper i m p u r i t y has l o n g p l a y e d a c e n t r a l r o l e i n 
t h e p h o t o - e l e c t r o n i c p r o p e r t i e s of many I I - V I compounds and 
s e v e r a l b r o a d bands a r e found i n ZnS, ZnTe, CdS, CdTe, con-
t a i n i n g copper. I n ZnSe, g e n e r a l l y , two broad l u m i n e s c e n c e 
bands a r e found w h i c h a r e known as t h e copper g r e e n and 
t h e copper r e d e m i s s i o n s . U s u a l l y t h e bands s h i f t s l i g h t l y 
i n w a v e l e n g t h w i t h v a r y i n g copper c o n c e n t r a t i o n . S t u d i e s 
o f t h e l u m i n e s c e n c e o f z i n c s e l e n i d e have been r e l a t i v e l y 
few compared w i t h t h o s e o f ZnS, and t h e l u m i n e s c e n c e i n 
ZnSe i s u s u a l l y i n t e r p r e t e d i n analogy w i t h ZnS. However, 
t h e mechanism of t h e copper b l u e and green e m i s s i o n s i n 
ZnS has not been r e s o l v e d w i t h any g r e a t c e r t a i n t y . C u r i e 
(40) has s u g g e s t e d t h a t t h e green e m i s s i o n r e s u l t s from an 
e l e c t r o n t r a n s i t i o n (of t h e P r e n e r - W i l l i a m s t y p e ) between 
a c o a c t i v a t o r l e v e l , and an a s s o c i a t e d copper a c t i v a t o r 
l e v e l . The copper b l u e e m i s s i o n seems t o be g e n e r a l l y 
a s c r i b e d t o a t r a n s i t i o n between an e l e c t r o n a t the bottom 
o f t h e c o n d u c t i o n band and the copper l e v e l , i . e . a 
S c h o n - K l a s e n s ty p e o f t r a n s i t i o n . Dielman (41) has c o n c l u d e d 
t h a t w i t h t h e copper r e d e m i s s i o n ZnS:Cu t h e copper behaves 
as a s i n g l y i o n i z e d donor d e f e c t so t h a t t h e l u m i n e s c e n c e 
t r a n s i t i o n i n v o l v e s t h e r e c o m b i n a t i o n of a f r e e h o l e w i t h 
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a t r a p p e d e l e c t r o n and i s t h e r e f o r e o f the Lambe-Klick 
t y p e . 
A s i n g l e r e d band a t about 1.907 eV i n Cu doped 
ZnSe was f i r s t o b s e r v e d by L a r a c h (37) and t h r e e broad bands 
a t about 2.34 eV i n t h e green, 1.95 eV i n t h e r e d and 1.25 eV 
i n t h e n e a r i n f r a - r e d were o b s e r v e d by H a l s t e d e t a l (25) a t 
25 K. No d e t a i l e d c o n c l u s i o n s were drawn. 
Lehmann (42) has made e x t e n s i v e s t u d i e s o f t h e copper 
g r e e n and r e d e m i s s i o n s i n ZnSe and s e v e r a l a l l o y systems 
formed between ZnS, CdS, ZnSe, CdSe, and ZnTe. The e m i s s i o n 
from ZnSe:Cu, C I , c o n s i s t s of two d i f f u s e but f a i r l y w e l l 
s e p a r a t e d bands i n t h e r e d a t 1.95 eV and the green a t 2.35 eV 
a t 77 K. I n ZnSe r e p l a c e m e n t o f the z i n c by cadmium cause d 
a s t e a d y s h i f t of both e m i s s i o n bands t o lower e n e r g i e s , 
whereas r e p l acement of the s e l e n i u m by tel.'lurium c a u s e d v e r y 
l i t t l e change. Lehmann has proposed a q u a l i t a t i v e e x p l a n a t i o n 
o f h i s r e s u l t s w h i c h assumes a p r e d o m i n a n t l y i o n i c t y p e of 
b i n d i n g . He a s s o c i a t e d t h e c a t i o n w i t h t h e c o n d u c t i o n band 
and t h e a n i o n w i t h the v a l e n c e band. The l u m i n e s c e n c e i s 
a s c r i b e d t o e l e c t r o n t r a n s i t i o n s from the c o n d u c t i o n band 
i n t o p r e v i o u s l y emptied l e v e l s of c e n t r e s which c o n s i s t of 
t h e a c t i v a t o r i o n s and t h e f o u r s u r r o u n d i n g c h a l c o g e n i d e 
a n i o n s . Replacement o f z i n c by cadmium c a u s e s a v a r i a t i o n 
of t h e c o n d u c t i o n band o n l y , w h i l e t h e a c t i v a t o r e l e c t r o n 
l e v e l s and the v a l e n c e band remain unchanged. Hence t h e 
energy s e p a r a t i o n o f t h e a c t i v a t o r l e v e l and t h e v a l e n c e 
band i s i n dependent o f t h e Zn/Cd r a t i o w h i l e r e p l a c e m e n t 
of s e l e n i u m by t e l l u r i u m o n l y a f f e c t s t h e energy s e p a r a t i o n 
between t h e a c t i v a t o r l e v e l and the v a l e n c e band. 
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I i d a (43) has s t u d i e d t h e lu m i n e s c e n c e of as-grown 
z i n c s e l e n i d e c r y s t a l s c o n t r a i n i n g Cu i m p u r i t y . He found 
t h r e e l u m i n e s c e n c e bands i n t h e green a t 2.339 £V, y e l l o w 
a t 2.175 eV and r e d a t 1.937 eV. The green and y e l l o w bands 
c o u l d o n l y be ob s e r v e d below 77 K. The y e l l o w e m i s s i o n s h i f t e d 
w i t h e x c i t a t i o n i n t e n s i t y . An e x a m i n a t i o n of t h e t i m e -
r e s o l v e d s p e c t r a showed t h a t t h e green e m i s s i o n decayed 
f a s t e r t h a n t h e r e d e m i s s i o n and no s p e c t r a l s h i f t was 
o b s e r v e d w i t h e i t h e r e m i s s i o n bands. As t he d e l a y time was 
i n c r e a s e d from z e r o t o 300 y s e c a l a r g e s h i f t t o lower 
e n e r g i e s by 0.15 eV was o b s e r v e d i n t h e y e l l o w e m i s s i o n . The 
green e m i s s i o n was c o n s i d e r e d t o c o r r e s p o n d t o t h e b l u e - c o p p e r 
e m i s s i o n i n z i n c s u l p h i d e , b e c a u s e no s h i f t was o b s e r v e d i n 
t h e t i m e - r e s o l v e d s p e c t r a . On t h e o t h e r hand the gre e n 
e m i s s i o n was d i s c u s s e d i n terms o f a m u l t i v a l e n t copper 
i m p u r i t y model. No c o r r e l a t i o n was found between the green 
e m i s s i o n and p h o t o c o n d u c t i v i t y . F o r t h i s r e a s o n no d e c i s i v e 
s t a t e m e n t as t o t h e n a t u r e o f t h e c e n t r e c o u l d be made. The 
y e l l o w e m i s s i o n was a t t r i b u t e d t o do n o r - a c c e p t o r p a i r recom-
b i n a t i o n . The absence o f a " t i m e - s h i f t " , and t h e non-
e x p o n e n t i a l decay o f t h e r e d e m i s s i o n l e d I i d a t o s u g g e s t 
t h a t t h e t r a n s i t i o n i n v o l v e d a f r e e e l e c t r o n and a h o l e bound 
a t a deep a c c e p t o r . 
S t r i n g f e l l o w and Bube (39) proposed a r e c o m b i n a t i o n 
mechanism f o r ZnSe:Cu i n terms o f a m u l t i v a l e n t - c o p p e r -
+ ++ 
i m p u r i t y model. T h i s model r e q u i r e d Cu and Cu i o n s sub-
s t i t u t i n g on t h e Zn s u b l a t t i c e t o be r e s p o n s i b l e f o r t he r e d 
and g r e e n l u m i n e s c e n c e bands, r e s p e c t i v e l y . The e m i s s i o n 
s p e c t r u m a t 77 K r e v e a l s a r e d band w i t h a maximum a t 1.97 eV 
and a more i n t e n s e green band w i t h a maximum a t 2.34 eV. At 
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16 K a n o t h e r r e d band was found w i t h a maximum a t 1.95 eV, 
The p h o t o e l e c t r o n i c p r o p e r t i e s of ZnSe:Cu were d e s c r i b e d i n 
terms of a d e f e c t which i s o p t i c a l l y a c t i v e i n t h r e e charge 
s t a t e s , Cu„ , Cu„ and Cu„ . The Cu„ which i s t h e Zn' Zn Zn Zn 
dominant a c c e p t o r c e n t r e , w i t h an energy l e v e l 0.72 eV above 
t h e v a l e n c e band i s r e s p o n s i b l e f o r t h e r e d e m i s s i o n a t 
1.97 eV. The r e d e m i s s i o n a t 1.95 eV i s a s s o c i a t e d w i t h 
t h e r e c o m b i n a t i o n of an e l e c t r o n , e i t h e r i n a s h a l l o w l e v e l 
0.012 eV below t h e c o n d u c t i o n band o r i n the c o n d u c t i o n 
band i t s e l f , w i t h a h o l e c a p t u r e d a t the Cu' c e n t r e . Cu* 
* Zn Zn 
i s r e s p o n s i b l e f o r t h e gr e e n e m i s s i o n , which r e s u l t s from 
t h e r e c o m b i n a t i o n of an e l e c t r o n i n t h e c o n d u c t i o n band 
w i t h a h o l e c a p t u r e d a t a C u ^ n c e n t r e , which has a l e v e l 
0.35 eV above t h e v a l e n c e band. The n e u t r a l i t y c o n d i t i o n 
t h a t Cu' = Cu„ f i x e s t h e l o w e s t p o s i t i o n o f t h e Fermi Zn Zn c 
l e v e l o b t a i n a b l e a t 0.53 eV above t h e v a l e n c e band. 
2.4.3 Manganese e m i s s i o n 
Manganese as a lu m i n e s c e n c e a c t i v a t o r i n z i n c 
s u l p h i d e has been s t u d i e d most t h o r o u g h l y and v a r i o u s 
i n v e s t i g a t o r s a g r e e t h a t t h e Mn i o n o c c u p i e s a s u b s t i t u -
t i o n a l a n i o n s i t e . I n ZnS t h e e m i s s i o n c o n s i s t s of an 
orange band a t 2.116 eV. The o p t i c a l a b s o r p t i o n spectrum 
o f Mn + + i n ZnS c o n s i s t s o f f i v e peaks i n • t h e v i s i b l e r e g i o n 
w h i c h have been i d e n t i f i e d by McClure (44) and by Langer 
and I b u k i (45) i n terms o f e l e c t r o n i c t r a n s i t i o n s between 
t h e l e v e l s o f t h e Mn + + i o n s p l i t by t h e c r y s t a l f i e l d . 
I n ZnSe, f i n e s t r u c t u r e i n t h e o p t i c a l a b s o r p t i o n 
s p e c t r a o f ZnSe c o n t a i n i n g 0.1 mole% Mn has been r e p o r t e d 
by L a n g e r and R i c h t e r ( 4 6 ) . They o b s e r v e d t h r e e bands a t 
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about 2.617, 2.429 and 2.234 eV a t 4.2 K, which c o r r e s p o n d 
t o t h e f o l l o w i n g t r a n s i t i o n s i n the t e t r a h e d r a l l y c o o r d i n a t e d 
Mn + + i o n : 6 A X — > 4A ; L, 4 E ; 6 A 1 — > 4 T 2 and 6 A 1 — • 4 T 1 
6 4 4 
r e s p e c t i v e l y . The A^ — > A^, E t r a n s i t i o n was a s s o c i a t e d 
w i t h t h e t h i r d a b s o r p t i o n band, which l a y i n t h e r e g i o n of 
h i g h i n t r i n s i c a b s o r p t i o n . Seven s t r o n g and weak l i n e s were 
o b s e r v e d between 2.626 eV t o 2.647 eV. These l i n e s were 
a t t r i b u t e d t o i n t e r a c t i o n s w i t h l a t t i c e phonons. The 
6 4 
A^ —*• ^2 t r a n s i t i o n was a s s o c i a t e d w i t h t h e second absorp-
t i o n band w h i c h was a l s o superimposed on the t a i l o f the 
i n t r i n s i c a b s o r p t i o n edge. Weak s t r u c t u r e l i n e s were 
6 4 
ob s e r v e d a t h i g h e r e n e r g i e s . The A^ •—» T^ t r a n s i t i o n was 
a s s o c i a t e d both w i t h t h e e m i s s i o n and t h e a b s o r p t i o n band 
of l o w e s t e n e r g y . No s t r u c t u r e was found i n a b s o r p t i o n , but 
t h r e e e m i s s i o n l i n e s were found a t about 2.275, 2.232 and 
2.132 eV a t 4.2 K. The 2.132 eV e m i s s i o n l i n e c o r r e s p o n d s 
4 6 
t o t h e z e r o phonon T^ — • A^ t r a n s i t i o n . 
The p r o p e r t i e s o f t h e manganese l u m i n e s c e n c e c e n t r e 
i n ZnSe have n o t y e t been f i r m l y e s t a b l i s h e d b e c a use t h e 
s e l f - a c t i v a t e d and t h e copper r e d e m i s s i o n s l i e i n t h e same 
s p e c t r a l r e g i o n . However, L a r a c h (35) ob s e r v e d an e m i s s i o n 
band a t 2.087 eV i n t h e ca t h o d o l u m i n e s c e n c e of Mn doped 
ZnSe. Apperson e t a l (47) observed t h r e e l u m i n e s c e n c e 
e m i s s i o n bands a t about 1.95, 1.24 and 0.5-0.7 eV a t 90 K 
i n manganese a c t i v a t e d ZnSe. They s u g g e s t e d t h a t , t h e 1.97 
eV band was c h a r a c t e r i s t i c o f 3d s h e l l t r a n s i t i o n s i n t h e 
++ 
Mn i o n s w h i l e t h e o t h e r two were independent of t he 
manganese c o n c e n t r a t i o n . Asano e t a l (48) found a broad 
e m i s s i o n a t 1.925 eV i n ZnSe:Mn a t 80 K w h i l e A l l e n e t a l 
(49) r e p o r t e d a r a t h e r b road band a t 2.10 eV a t 118 K. 
R e c e n t l y J o n e s and Woods (50) have measured t h e e x c i t a t i o n 
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and e m i s s i o n s p e c t r a of a s i n g l e c r y s t a l of ZnSe doped 
w i t h MnC^. They o b s e r v e d t h r e e e x c i t a t i o n bands w i t h 
maxima a t about 2.308, 2.467 and 2.667 eV, and t h e y 
i d e n t i f i e d t h e c h a r a c t e r i s t i c , r e l a t i v e l y narrow Mn + + 
e m i s s i o n band as h a v i n g a maximum a t 2.115 eV when e x c i t e d 
by 2.308 eV r a d i a t i o n . The e m i s s i o n was t h e r m a l l y quenched 
w i t h a c t i v a t i o n e n e r g i e s o f 0.03 and 0.3 eV. 
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CHAPTER 3 
EXPERIMENTAL APPARATUS AND PROCEDURE 
3.1 I n t r o d u c t i o n 
A good g e n e r a l p i c t u r e of the o p t i c a l p r o p e r t i e s 
o f t h e ZnSe c r y s t a l s can be o b t a i n e d by measuring t h e i r 
l u m i n e s c e n c e e m i s s i o n and a b s o r p t i o n s p e c t r a n e a r the band 
edge. A number of i n t e r e s t i n g c h a r a c t e r i s t i c s of edge 
e m i s s i o n s p e c t r a may be o b s e r v e d a t low t e m p e r a t u r e s , under 
c o n t i n u o u s band gap e x c i t a t i o n . The edge e m i s s i o n s p e c t r a 
a r e s t r o n g l y dependent upon t h e s t o i c h i o m e t r y and i m p u r i t y 
c o n t e n t o f t h e ZnSe c r y s t a l s , and on the i n t e n s i t y of the 
e x c i t a t i o n . The purpose of t h i s work has been t o examine 
t h e p h o t o - e x c i t e d edge e m i s s i o n , deep c e n t r e l u m i n e s c e n c e 
and o p t i c a l a b s o r p t i o n edge of the ZnSe c r y s t a l s , a t l i q u i d 
n i t r o g e n and l i q u i d h e l i u m t e m p e r a t u r e s i n an attempt t o 
e s t a b l i s h a c o r r e l a t i o n between the growth c o n d i t i o n s and the 
s p e c t r a l d i s t r i b u t i o n of the v a r i o u s l u m i n e s c e n c e e m i s s i o n s . 
The p r e s e n t c h a p t e r d e s c r i b e s the major e x p e r i m e n t a l d e t a i l s 
of t h e m a t e r i a l p r e p a r a t i o n , the c r y o s t a t , and t h e o p t i c a l 
a p p a r a t u s . The e x p e r i m e n t s have been performed i n an 
attempt t o a n a l y s e more a c c u r a t e l y and t o develop a, more 
u s e f u l u n d e r s t a n d i n g o f the edge e m i s s i o n i n ZnSe s i n g l e 
c r y s t a l s . 
3.2 C r y s t a l growth 
The z i n c s e l e n i d e c r y s t a l s s t u d i e d d u r i n g the c o u r s e 
of t h i s r e s e a r c h were grown i n t h i s l a b o r a t o r y i n a f u r n a c e 
arrangement us e d e a r l i e r t o grow c r y s t a l s of cadmium s u l p h i d e . 
The o r i g i n a l t e c h n i q u e was f i r s t d e s c r i b e d ' by C l a r k and 
Woods {1,2) f and developed by Burr and Woods (3) f o r the 
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growth o f ZnSe. A b r i e f d e s c r i p t i o n of the method of 
growing s i n g l e c r y s t a l s of ZnSe i s g i v e n i n t h i s s e c t i o n . 
The s t a r t i n g m a t e r i a l used was e i t h e r B r i t i s h Drug 
Houses "Optran" grade o r Derby Luminescents " E l e c t r o n i c " 
grade ZnSe. I t was n e c e s s a r y t o p u r i f y t h e s e m a t e r i a l s . 
F o r t h i s purpose they were s u b j e c t e d to a vacuum s u b l i m a t i o n 
p r o c e s s t o remove v o l a t i l e m a t e r i a l s and z i n c o x i d e i m p u r i t y . 
D u r i n g s u b l i m a t i o n t h e z i n c oxide remained w i t h t h e charge. 
Some 80 gm. of t h e s u b l i m a t e was t h e n c r u s h e d , p l a c e d i n 
a s i l i c a b o a t , and l o a d e d i n t o a long s i l i c a growth tube, 
as i l l u s t r a t e d i n F i g u r e 3.1. A s t r e a m o f h i g h p u r i t y argon 
(350 ml/min) was then p a s s e d over the ZnSe which was h e l d 
a t a t e m p e r a t u r e o f 1150°c. Z i n c s e l e n i d e vapour was t r a n s -
p o r t e d i n t h e s t r e a m o f argon t o a c o o l e r p a r t of the.growth 
tube where i t condensed and c r y s t a l s grew on a s i l i c a l i n e r 
a t about 1050°C. The f l o w was m a i n t a i n e d f o r f i v e or s i x 
days d u r i n g w h i c h time some 50 gm. of the charge sublimed. 
The c r y s t a l s produced were p a l e y e l l o w i n c o l o u r and grew i n 
th e form o f rods and i r r e g u l a r l y shaped p l a t e s c o n t a i n i n g 
v a r i o u s low i n d e x f a c e s . I n t h i s t h e s i s such c r y s t a l s w i l l 
be c a l l e d f l o w - r u n c r y s t a l s . The p l a t e l e t c r y s t a l s were 
found t o have a c u b i c s t r u c t u r e as i d e n t i f i e d by X-ray back 
r e f l e c t i o n and powder photographs t o g e t h e r w i t h e x a m i n a t i o n 
under t h e p o l a r i s i n g m i c r o s c o p e . I n g e n e r a l the growth 
s u r f a c e s o f t h e p l a t e - s h a p e d c r y s t a l s a r e (111) p l a n e s and 
c o n t a i n t r i a n g u l a r growth p a t t e r n s , which seem to be. 
c h a r a c t e r i s t i c of such c r y s t a l s grown by t h e flow t e c h n i q u e . 
S i m i l a r growth p a t t e r n s have a l s o been o b s e r v e d by Park 
and Chan ( 4 ) . The rod shaped c r y s t a l s were found t o have 
a mixed c u b i c - h e x a g o n a l s t r u c t u r e under the p o l a r i s i n g 
1500 j 
1160 C 
1000-
Figure 3.1 The vtapour-phase-traneport c r y s t a l growing furnace 
arrangement with temperature p r o f i l e . 
to recorder 
to controller 
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Figure3.2 The v e r t i c a l furnace arrangeaent snown with growth 
tuhe i n i n i t i a l position and t e m p e r a t u r e p r o f i l e . 
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m i c r o s c o p e and t h e o p t i c a l c - a x i s was found t o be p a r a l l e l 
t o t h e i r l e n g t h . Both p l a t e l e t and rod-shaped f l o w - r u n 
c r y s t a l s were used as t h e s t a r t i n g m a t e r i a l f o r t h e p r o d u c t i o n 
of a l a r g e b o u l e by s u b l i m a t i o n i n a s e a l e d s i l i c a c a p s u l e . 
The v e r t i c a l f u r n a c e arrangement and a t y p i c a l 
q u a r t z g l a s s c a p s u l e u s e d t o grow l a r g e b o u l e s a r e shown 
i n F i g u r e 3.2. A s c h e d u l e of e v a c u a t i o n , b a k i n g and f l u s h i n g 
w i t h argon was used t o remove v o l a t i l e i m p u r i t i e s from the 
q u a r t z g l a s s tube. The p r o c e d u r e was r e p e a t e d a f t e r an 
e x c e s s o f e i t h e r s e l e n i u m o r z i n c had been p l a c e d a t the 
bottom o f t h e long s i l i c a r e s e r v o i r shown i n F i g u r e 3.2, 
F i n a l l y t h e p u r i f i e d f l o w - r u n ZnSe c r y s t a l s were loaded i n t o 
t h e c a p s u l e t o g e t h e r w i t h any dopant which might be r e q u i r e d . 
A f t e r f l u s h i n g t h r e e t i m e s w i t h argon and s e v e r a l hours 
— 6 
e v a c u a t i o n t o 10 t o r r , t h e tube was s e a l e d o f f from t h e 
vacuum s y s t e m and i n s e r t e d i n the f u r n a c e arrangement i n the 
p o s i t i o n i n d i c a t e d i n F i g u r e 3.2. The upper f u r n a c e was 
t h e n brought t o t h e ZnSe s u b l i m a t i o n temperature n e a r 1160°C. 
Growth o c c u r s a t t h e top o f t h e q u a r t z tube a t a temperature 
of about 1100°C. The ambient vapour p r e s s u r e d u r i n g growth 
was s t a b i l i s e d by an e x c e s s of z i n c i n the r e s e r v o i r which 
was h e l d a t a t e m p e r a t u r e o f 555°C, t h i s l e a d s t o the so-
c a l l e d p . c o n d i t i o n . An i d e n t i c a l s i t u a t i o n a r i s e s w i t h 
^mxn 
an e x c e s s of s e l e n i u m i n t h e r e s e r v o i r a t 360°C. The tube 
was t h e n s t e a d i l y p u l l e d through the f u r n a c e system when 
th e t e m p e r a t u r e s were s t a b l e . As a r e s u l t t h e t e m p e r a t u r e 
g r a d i e n t was e f f e c t i v e l y moved a c r o s s the growth chamber 
and l e d t o the vapour t r a n s p o r t of the ZnSe from t h e charge 
t o t h e upper p a r t of t h e growth c a p s u l e , where the b o u l e 
c r y s t a l formed. The r e s e r v o i r was m a i n t a i n e d a t a s t e a d y 
- 68 -
t e m p e r a t u r e t o e n s u r e a c o n s t a n t e l e m e n t a l p a r t i a l p r e s s u r e 
d u r i n g growth. The p u l l was u s u a l l y stopped when about 
h a l f t h e charge had s u b l i m e d , but the q u a l i t y of the 
r e s u l t a n t b o u l e s d i d not appear to be dependent on the 
p u l l i n g r a t e . U s i n g t h i s method i t was p o s s i b l e t o grow a 
c r y s t a l 30-40 mm l o n g , w e i g h i n g 20 gm. i n a p p r o x i m a t e l y 
240 h o u r s . The c r y s t a l s were e i t h e r c o o l e d r a p i d l y by 
removing t h e tube from the f u r n a c e system o r more u s u a l l y , 
were c o o l e d s l o w l y o v e r a p e r i o d of some 48 h o u r s . The 
l a t t e r p r o c e d u r e r e s u l t e d i n a c o n s i d e r a b l e r e d u c t i o n i n 
t h e b u i l t - i n s t r a i n i n a c r y s t a l . The b o u l e s grown i n t h i s 
manner have a body c o l o u r which v a r i e s from p a l e y e l l o w to 
g r e e n and a r e c i r c u l a r i n s e c t i o n w i t h a 1 cm. d i a m e t e r . 
X - r a y back r e f l e c t i o n and powder photographs show t h a t t h e s e 
c r y s t a l s p o s s e s s e d t h e c u b i c z i n c blende s t r u c t u r e . 
The changes i n t h e p h y s i c a l p r o p e r t i e s of the 
"doped" c r y s t a l s c o n t a i n i n g added i m p u r i t i e s such as Mn, Cu, 
A l , Ga, I n , C l , . M n C l 2 , ZnS and L i compared w i t h t h o s e of 
"pure" c r y s t a l s grown under t h e same c o n d i t i o n s , confirmed 
t h a t t r a n s p o r t o f t h e dopant from the charge t o t h e boule 
had t a k e n p l a c e . 
3.3 Sample p r e p a r a t i o n 
P l a n e p a r a l l e l s l i c e s had t o be c u t from the b o u l e s 
and p o l i s h e d t o produce samples f o r the t r a n s m i s s i o n and 
a b s o r p t i o n measurements. These were then e t c h e d t o remove 
s u r f a c e damage. I n c o n t r a s t the l u m i n e s c e n c e measurements 
were made on c l e a v e d f a c e s which a c c o r d i n g t o r e f l e c t i o n 
e l e c t r o n - d i f f r a c t i o n were f r e e f r o n damage. The c l e a v e d 
samples were s e l e c t e d from the c e n t r a l volume of a b o u l e , 
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t h u s a v o i d i n g t h e s t r a i n and damage produced by c u t t i n g 
and p o l i s h i n g , and a l s o a v o i d i n g r e g i o n s p o s s i b l y contam-
i n a t e d by t h e w a l l o f t h e growth tube. C l e a v i n g meant 
t h a t t h e sample geometry was i r r e g u l a r , so t h a t c l e a v e d 
s amples were o r i e n t e d by X-ray back r e f l e c t i o n t e c h n i q u e 
when n e c e s s a r y . 
F o r the a b s o r p t i o n and t r a n s m i s s i o n measurements 
i t was n e c e s s a r y to o r i e n t t h e ZnSe c r y s t a l s b e f o r e t a k i n g 
any measurements. The f i r s t s t e p was t o h o l d the rough 
u n c u t b o u l e c r y s t a l on an X-ray goniometer and t a k e an 
X - r a y back r e f l e c t i o n photograph. E x a m i n a t i o n of the photo-
graph p r o v i d e d i n f o r m a t i o n about t h e c r y s t a l o r i e n t a t i o n . 
The goniometer was t h e n r e a d j u s t e d u n t i l t h e (111) zone 
a x i s was found. Having been locked^ the e n t i r e goniometer 
w i t h i t s mounted c r y s t a l was t r a n s f e r r e d t o a diamond saw 
where s l i c e s o f v a r i o u s t h i c k n e s s (0.5 mm t o 5 mm) were c u t 
from t h e b o u l e . A s l i c e was then mounted w i t h " D u r a f i x " glue 
on t o t h e mounting p l a t e of a " L o g i t e c h " p o l i s h i n g machine 
and c a r e f u l l y p o l i s h e d u s i n g 0.25 micron diamond p a s t e . The 
p o l i s h e d s u r f a c e s were examined under the microscope™ The 
f l a t n e s s of the p o l i s h e d s u r f a c e c o u l d be measured t o h i g h 
a c c u r a c y , by o b s e r v a t i o n of t h e i n t e r f e r e n c e f r i n g e p a t t e r n 
formed between t h e specimen s u r f a c e and an a d j a c e n t f l a t 
g l a s s r e f e r e n c e s u r f a c e . F i n a l l y the specimen was remounted 
t o p o l i s h t h e second s u r f a c e . The second f a c e of the 
specimen was r e a s o n a b l y p a r a l l e l t o the f i r s t , f u r t h e r 
h i g h p a r a l l e l i s m c o u l d be a c h i e v e d i f r e q u i r e d by u s i n g an 
a u t o c o l l i m a t o r s y s t e m c a l i b r a t i o n on t h e mounting p l a t e . 
The ZnSe s l i c e was then e t c h e d i n a d i l u t e s o l u t i o n of 
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Figure 3.A (a) Transmission c h a r a c t e r i s t i c of a three inch c e l l 
containing a saturated solution of copper sulphate,, 
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Figure 3.4(b) Transmission c h a r a c t e r i s t i c of OX 1A f i l t e r . 
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Figure 3.4(c) Transmission c h a r a c t e r i s t i c of HA 1 f i l t e r . 
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bromine i n methanol. The d e t a i l s of t h e e t c h i n g t e c h n i q u e 
have a l r e a d y been f u l l y d e s c r i b e d by G e z c i and Woods ( 5 ) . 
3.4 The C r y o s t a t 
The a l l b r a s s , h e l i u m c r y o s t a t was manufactured 
by t h e Oxford I n s t r u m e n t Co. L t d . and has been s l i g h t l y 
m o d i f i e d . The c o n s t r u c t i o n o f the c r y o s t a t i s i l l u s t r a t e d 
s c h e m a t i c a l l y i n F i g u r e 3,3. The e s s e n t i a l f e a t u r e s a r e ; 
(1) A two l i t r e c a p a c i t y l i q u i d n i t r o g e n j a c k e t . 
(2) A 1.3 l i t r e c a p a c i t y l i q u i d h e l i u m pot. 
(3) Two carbon r e s i s t o r s , mounted on a t h i n s t a i n l e s s 
s t e e l t u b e , f o r use as a depth gauge i n l i q u i d h e l i u m pot, 
(4) A demountable copper sample h o l d e r s i t u a t e d below 
t h e l i q u i d h e l i u m pot. The copper r a d i a t i o n s h i e l d i s a l s o 
demountable and i s u s u a l l y a t t a c h e d t o t h e l i q u i d n i t r o g e n 
j a c k e t . The o u t e r vacuum w a l l c o n t a i n s f o u r s i l i c a windows 
i n d i f f e r e n t p o s i t i o n s s u r r o u n d i n g t h e t a i l . 
(5) A f a c i l i t y f o r e l e c t r i c a l and thermocouple l e a d s 
w h i c h a l l o w s c o n n e c t i o n t o be made t o the sample from o u t s i d e 
t h e c r y o s t a t . 
(6) The sample i s m a i n t a i n e d under a vacuum of a t l e a s t 
-3 
10 t o r r . 
A c o n v e n t i o n a l vacuum system, i n c o r p o r a t i n g an 
Edwards High Vacuum L t d . ES 150 r o t a r y pump and water 
c o o l e d #0 1 o i l d i f f u s i o n pump,was used t o e v a c u a t e t h e 
c r y o s t a t . P r o v i s i o n was made f o r the h e l i u m e x h a u s t gas t o 
be c o l l e c t e d and t he l i q u i d n i t r o g e n to be pumped f o r q u i c k 
c o o l i n g of t h e c r y o s t a t . 
Indium was used t o mount the z i n c s e l e n i d e samples 
to t h e c o l d copper f i n g e r s i n c e i t p r o v i d e d good e l e c t r i c a l 
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Figure 3.5(a) The transmission c h a r a c t e r i s t i c s of neutral 
density f i l t e r s . 
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Figure 3.5(b) The t r a n s m i s s i o n c h a r a c t e r i s t i c of 1mm.thick 
s i l i c a windows. 
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and t h e r m a l c o n t a c t . The c o l d f i n g e r was de t a c h e d from the 
c r y o s t a t and h e a t e d u n t i l t h e indium, c o v e r i n g t h e sample 
a r e a , was molten. The h e a t i n g was then stopped and the 
c r y s t a l p l a c e d on t h e indium j u s t b e f o r e i t s o l i d i f i e d . 
I t . was assumed t h a t t h e e f f e c t s of any h e a t t r e a t m e n t upon 
t h e samples d u r i n g t h e c o u r s e of mounting upon t h e copper 
b l o c k were n e g l i g i b l e . 
A carbon r a d i o r e s i s t o r gave an i n d i c a t i o n o f the 
depth o f l i q u i d i n t h e h e l i u m pot, and g r e a t l y a s s i s t e d the 
e s t i m a t i o n o f t h e s t a g e r e a c h e d d u r i n g t h e t r a n s f e r of l i q u i d 
h e l i u m . A c o p p e r a c o n s t a n t a n thermocouple was used t o measure 
t h e t e m p e r a t u r e o f t h e c r y s t a l . The thermocouple was 
embedded i n indium on t h e copper sample h o l d e r a t a p o s i t i o n 
n e a r t o t h e c r y s t a l . No attempt was made t o a c h i e v e e q u i l i b -
r i u m a t t e m p e r a t u r e s i n t e r m e d i a t e between h e l i u m and n i t r o g e n . 
A s m a l l t e m p e r a t u r e l a g may w e l l have e x i s t e d between t h e 
i n d i c a t e d thermocouple temperature and a c t u a l c r y s t a l 
t e m p e r a t u r e . A f t e r l i q u i d h e l i u m had been t r a n s f e r r e d t o 
t h e h e l i u m pot t h e t e m p e r a t u r e r e c o r d e d w i t h , and w i t h o u t , 
i n c i d e n t u l t r a v i o l e t r a d i a t i o n was between 6 K and 10 K, 
r i s i n g t o 23 K t o 25 K under QI (quartz i o d i n e lamp r a d i a t i o n ) 
e x c i t a t i o n . When h e a t a b s o r b e n t f i l t e r s (HA 1) were used 
t h e t e m p e r a t u r e f e l l t o between 10 K and 12 K. With l i q u i d 
n i t r o g e n i n t h e h e l i u m pot, t h e temperature measured under 
t h e same c o n d i t i o n s o f e x c i t a t i o n was 82, 85 and 82 K 
r e s p e c t i v e l y . I f t h e l i q u i d n i t r o g e n was pumped t o a 
p r e s s u r e o f 1 mm Hg t h e temper a t u r e measured under t h e above 
c o n d i t i o n s o f i l l u m i n a t i o n f e l l to 65, .68 and 65 K. 
The c r y o s t a t c o u l d be coo l e d t o tem p e r a t u r e s i n t e r -
m e d iate between t h o s e or l i q u i d n i t r o g e n and l i q u i d h e l i u m . 
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Figure 3.6 Diagrammatical r e p r e s e n t a t i o n of the arrangement 
of the c r y o s t a t and o p t i c a l c o l l i m a t i o n system. 
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A quick and easy method of t r a n s f e r r i n g l i q u i d helium i s 
as f o l l o w s : f i r s t l y the c r y o s t a t vacuum system i s 
-3 
evacuated to a pressure of 10 t o r r a f t e r which the nitrogen 
j a c k e t and helium pot are f i l l e d with l i q u i d nitrogen. Then 
l i q u i d nitrogen i s evacuated from the helium exhaust pipe 
u n t i l a pressure of 1 mm Hg i s obtained. The evacuation 
i s stopped and nitrogen gas at 4 pound/mm pressure i s supplied, 
t h i s removes a l l l i q u i d nitrogen from the helium pot v i a 
the vacuum syphon. Then the helium pot i s re-evacuated 
-2 
to a pressure of 10 mm Hg to ensure that no l i q u i d 
nitrogen remains. The vacuum i s l e t down to atmospheric 
pressure with helium gas and approximately two l i t r e s of 
l i q u i d helium i s t r a n s f e r r e d . This quantity of helium 
can keep the specimen at 6 K for periods of up to four hours. 
3.5 Photo-excitation 
The photoluminescence of the z i n c selenide c r y s t a l s 
was e x c i t e d by U.V. r a d i a t i o n from a 250 watt high pressure 
mercury lamp f i l t e r e d by two Chance g l a s s 0X1A f i l t e r s to 
pass 3650 £ r a d i a t i o n . The 250 watt mercury lamp with a 
5Q s e r i e s r e s i s t a n c e was run under. 82 v o l t s , 4 amps, 
s t a b i l i s e d d.c. and provided a t o t a l r a d i a t i v e f l u x of 
approximately 100 watts. The r a d i a t i v e energy emitted at 
3650 2 i s approximately 16.4% of the t o t a l radiated i n t e n s i f y . 
The transmission of each 0X1A f i l t e r i s 70%, so the t o t a l 
percentage of the r a d i a t i o n emitted at 3650 £ i s 8.04%, 
which amounts to 8 watts to be focussed on the c r y s t a l . 
This r a d i a n t energy was reduced using the various n e u t r a l 
density f i l t e r s , manufactured by Barr and Stroud Ltd. A 
D £ 
A B C 
H 
8 Q 1 
K 
M F l p 
Figure 3.7 Block diagram of the Optica spectrophotometer. 
A Hydrogen power supply 
B P h o t o m u l t i p l i e r power supply 
0 Tungsten power supply 
D Hydrogen lamp 
E Tungsten lamp 
F R o t a t i n g m i r r o r 
G Reference c e l l and sample o e l l 
H Rota t i n g m i r r o r 
1 Detector 
J S l i t Servo 
K Wavelength d r i v e 
L P r e - a m p l i f i e r 
M A m p l i f i e r 
N Cossmutat@r 
0 Reference Demod, 
P Sample Demod. 
Q Gr a t i n g 
R 100$ adjustment 
S Pen r e c o r d e r 
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s e t of 50%, 30%, 10% and 1% transmission f i l t e r s were used 
and i n combination 15%, 5%, 3%, 0.5%, 0.3% and 0.1% of the 
u n f i l t e r e d energy could be obtained. Figure 3.4 (a,b, and 
c) shows the transmission c h a r a c t e r i s t i c s of the s e l e c t i v e 
f i l t e r s used, i . e . , a 3 inch c e l l containing a saturated 
s o l u t i o n of copper sulphate, an 0X1A and heat absorbent 
HA1 f i l t e r . Figure 3.5 (a and b) shows the transmission of 
the n e u t r a l density f i l t e r s and s i l i c a windows. 
The arrangement used to e x c i t e the specimen and 
c o l l i m a t e the luminescence v i a two mirrors i s shown i n 
Figure 3.6(a). The number "one" window allowed the sample 
to be i r r a d i a t e d with U.V. and the number "three" window 
was used fo r the c o l l i m a t i o n system. The same arrangement 
was used with the spectrograph but a stigmatizing lens was 
used to c o l l i m a t e the luminescence v i a the t h i r d window as 
shown i n Figure 3.6(b). • 
A second arrangement which was used for the t r a n s -
mission and absorption-measurements i s shown i n Figure 3 . 6 ( c ) . 
The sample was i r r a d i a t e d v i a the number "four" window with 
l i g h t from the quart2 iodine lamp. L i g h t l e f t the c r y o s t a t 
v i a the number "two" window and entered the condensing 
system v i a the quartz s t i g m a t i s i n g l e n s . 
3.6 Optica CF4N1 Spectrophotometer 
The Optica CF4N1 i s a double beam, recording 
spectrophotometer p r i n c i p a l l y designed for absorption and 
transmission measurements. The s p e c t r a l range i s 0.185 urn 
to 3,1 ]im. When used as an emission measuring instrument, 
the s p e c t r a l range depends upon the response of the 
de t e c t o r s . For absorption and transmission measurements 
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Figure 3.8 S p e c t r a l response c h a r a c t e r i s t i c s 
(a) Kodak Ektron PbS detector. 
Ob) Type 1P28 ( S-5 Response) phot ©multiplier 
(©) ffype 9781R (Extended S-5 response) 
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two sources were provided, namely a hydrogen discharge lamp 
and a low voltage tungsten lamp. The hydrogen lamp was used 
over the wavelength range 0.185 to 0.400 ym whereas the 
tungsten lamp was used over the range from 0.320 to 3.1 ym. 
The monochromator was of the L l t t r o w type, with two 
interchangeable plane gratings as the d i s p e r s i v e elements. 
The standard monochromator d i s p e r s i o n was approximately 
16 S/mm with a r u l e d grating with 600 lines/mm for the• 
u l t r a v i o l e t and v i s i b l e regions (0.185 to 1.0 ym) . The 
d i s p e r s i o n was 32 S/mm for the near i n f r a - r e d region 
(0,9 ym to 3.1 ym), when a 300 lines/mm rul e d double 
gr a t i n g arrangement was used. The monochromator s l i t width 
was 3,6 mm at i t s maximum and the smallest d i v i s i o n on the 
s l i t drum was 0.02 mm, which was e i t h e r automatically servo 
operated by the reference s i g n a l l e v e l or could be changed : 
by turning the handle. 
The l i g h t beam emerged from the monochromator through 
the on$y l e n s i n the instrument which condensed t h e . l i g h t 
on to a system of mirrors, A r o t a t i n g mirror and f i x e d 
mirror i n each beam passed the l i g h t through the reference 
and sample c e l l s , . a l t e r n a t e l y a t 18 c y c l e s per second. 
The two r o t a t i n g mirrors were driven by an e x t e r n a l motor 
and d i s p l a c e d one against the other by 180° , , so that 
only one was i n the beam at any one time. Both beams were 
e x a c t l y i d e n t i c a l i n length and were o p t i c a l l y symmetrical. 
The detector always saw the l i g h t from the two c e l l s along 
the same o p t i c a l path. The d i f f e r e n t i a l e l e c t r i c a l s i g n a l 
from the detector was a m p l i f i e d and displayed on a Honeywell 
c h a r t recorder. Figure 3.7 i l l u s t r a t e s the block diagram 
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Figure 3.9 " C o r r e c t i o n f a c t o r s " used to convert the 
i n t e n s i t y of the emission to the standard of 
s l i t s 1, wavelength 0.47 micron. 
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of the Optica spectrophotometer. For absorption measurements, 
the double beam system avoided any n e c e s s i t y to compensate 
for the s p e c t r a l response of the photomultlplier and the 
s p e c t r a l emission of the source. 
To study an emission spectrum, l i g h t from the source 
was focussed on to the entrance s l i t of the monochromator. 
The double beam r a t i o a m p l i f i e r was switched to the "Single 
beam mode" when an e l e c t r i c a l reference s i g n a l replaced 
t h a t provided by the reference beam,. The s l i t width was s e t 
manually to the r e s o l u t i o n required. 
Two types of photomultiplier were used to span the 
u l t r a v i o l e t and v i s i b l e regions. Their s p e c t r a l s e n s i t i v i t i e s 
are shown i n Figure 3.8, An RCA type 1P28 photomultiplier 
with an S-5 photocathode covered the range 0.185 to 0.62 vm 
while a higher s e n s i t i v i t y EMI type, 9781R with extended 
S-5 response was used i n the 0,2 to 0.75 }im range. A much 
l e s s s e n s i t i v e Kodak Ektron lead sulphide detector was 
provided for use i n the near i n f r a r e d . Figure 3.9(a) shows 
the e f f e c t of the applied voltage on the photomultiplier 
response for a constant monochromator s l i t width, Figure 3.9(b) 
shows the photomultiplier response as a function of s l i t 
width at constant photomultiplier voltage i n the 0.53 urn 
region. These, c a l i b r a t i o n curves were used to estimate the 
R e l a t i v e I n t e n s i t y of the emission components of d i f f e r e n t 
ZnSe c r y s t a l s . 
To c a l i b r a t e the spectrophotometer the emission 
s p e c t r a of sodium, mercury, and neon discharge tubes were 
recorded. The wavelengths were on average ±2$ d i f f e r e n t 
from the accepted v a l u e s . More accurate wavelength a n a l y s i s 
was made using the Bausch and Lomfo spectrograph. 
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Figure 3.11(a) S p e c t r a l response of Kodak ,'Tri~X M Pan f i l m . 
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Figure 3.11(b) S p e c t r a l response of Kodak High Speed I n f r a r e d 
2481 f i l m . 
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3 • 7 Bausch _and Lomb Spectrograph 
• h Bausch and Lomb (model 12) 1.5 metre grating 
spectrograph gave r e s u l t s i n good agreement with those 
obtained from the Optica. The s p e c t r a l ranges a v a i l a b l e 
were 0.45 to 0.700 p i n f i r s t order, and 0.225 to 0.350 pm 
i n second order. The dispersioxi was 10 $/mm i n the f i r s t 
order and 5 &/mm i n the second. The instrument i s shown 
diagrammatically i n Figure 3.10. A f i x e d s l i t system was 
used on the gr a t i n g spectrograph which Incorporated the 
following components. 
(a) The f i x e d s l i t assembly provided three f i x e d 
s l i t widths of 10, 32 and 60 \im which could be i n s e r t e d as 
required. 
(b) A Hartmann s l i d e included a diagonal s l i t and 
s l i d i n g s c a l e with a f i s h t a i l notch, which c o n t r o l l e d the 
height of the spectrum recorded on ths f i l m . The diagonal 
s l i t was 1.5 mm wide and could be moved across the input 
aperture so th a t i t was p o s s i b l e to arrange eleven spectra 
1,5 r n high on the same f i l m . 
The l i g h t entered the spectrograph through the fi x e d 
s l i t and t r a v e l l e d through the stigmatizing lens to be 
d i f f r a c t e d by the gr a t i n g . (635.3 l i n e s per mm). The 
l i g h t was then r e f l e c t e d on to the f i l m which was held i n 
a s p e c i a l l y curved 10 inch long c a s s e t t e . The dis p e r s i o n 
remained l i n e a r along the length of the f i l m . 
Two d i f f e r e n t 35 mm films were used to record the 
sp e c t r a . The colour s e n s i t i v i t y was evenly balanced 
throughout the spectrum, Kodak " T r i X" pan high speed f i l m 
was used i n the range 0.45 to 0.65 ym while Kodak 2491 high 
speed i n f r a - r e d f i l m was used i n the range 0,45 to 0.7 urn. 
curved 
f i l m holder 
g r a t i n g 
s t i g m a t i z i n g l e n s 
draw tube 
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Figure 3.10 Diagram of the Bausch and Lomb 1.5 meter g r a t i n g 
spectrograph. 
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Figure 3.12 Diagram of the H i l g e r and Watts Miorodensitomet er 
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The s p e c t r a l responses of both films are shown i n 
Figures 3.11(a and b ) . I t was necessary to make t r i a l 
exposures (from 5 - 4 5 min) to determine the best exposure 
time f o r a given emission i n t e n s i t y . Both f i l m s were 
processed i n Kodak D-76 developer. 
3.8 Mi crodens1tometer 
A Hilger and Watts microdensitometer was used to 
measure the s p e c t r a l l i n e s on the recorded f i l m to determine 
the o p t i c a l density. The instrument i s shown diagramatically 
i n F i gure 3.12. In addition to providing a spectrographic 
refe r e n c e mark, a sodium discharge tube provided c a l i b r a -
t i o n l i n e s , and allowed the dispersion to be determined. 
The l i g h t was transmitted through the f i l m by a 
microscope o b j e c t i v e arrangement and was detected by a 
cadmium sulphide photocell v i a an adjustable s l i t system. 
The output from the c e l l was displayed on a Honeywell 
E l e c t r o n i c 194 pen recorder. The s l i t width was adjusted 
to be as narrow as p o s s i b l e while providing a measurable 
s i g n a l l e v e l . Best r e s u l t s were obtained with a width of 
0.2 mm. A synchronous e l e c t r i c motor was used to d r i v e the 
g l a s s t a b l e on which the f i l m was sandwiched between t h i c k 
and t h i n g l a s s p l a t e s . 
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CHAPTER 4 
EDgE EMISSION OF UNDOBBD, ZINC;.,,gELgNIPE 
4.1 Introduction 
The edge emission of undoped c r y s t a l s of z i n c ^ 
se l e n i d e e x c i t e d by continuous u l t r a - v i o l e t r a d i a t i o n has 
been studied a t l i q u i d nitrogen and helium temperatures. 
The c r y s t a l s were grown i n the ways described i n chapter 
three. With most samples a r e l a t i v e l y broad band with 
l o n g i t u d i n a l o p t i c a l phonon r e p l i c a s was observed at 87 K. 
As the temperature was reduced to pumped l i q u i d nitrogen 
temperature a t 65 K the i n t e n s i t y of the emission u s u a l l y 
increased and i n general a high energy s e r i e s (free to 
bound recombination) became dominant. At l i q u i d helium 
temperatures bound exciton l i n e s and p a i r bands could be 
detected i n the majority of c r y s t a l s . 
Three types of undoped c r y s t a l s were examined over 
a range of temperatures from 10 to 87 K. These were flow 
c r y s t a l s , and.boule type c r y s t a l s grown i n a s l i g h t excess 
of selenium or z i n c . I t was found that the r e l a t i v e i n t e n -
s i t i e s of the major components of the U.V. ex c i t e d emission 
a t 10 K could be c o r r e l a t e d with the conditions under which 
the c r y s t a l s were grown, provided that the s t a r t i n g charge 
was of a c o n s i s t e n t , good q u a l i t y . The Optica spectro-
photometer was used to determine the b a s i c trends, while 
the Bausch and Lomb g r a t i n g spectrograph was used to make a 
more d e t a i l e d study of the components of i n t e r e s t i n g s p e c t r a . 
I n t h i s chapter, the f i r s t s e c t i o n i s concerned with 
a b r i e f d e s c r i p t i o n of the edge emission at l i q u i d nitrogen 
temperature of the three d i f f e r e n t types of undoped c r y s t a l . 
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This i s followed by a d e s c r i p t i o n of the emission s p e c t r a 
of the same c r y s t a l s a t l i q u i d helium temperatures. With 
some samples the recombination k i n e t i c s of the edge emission 
was studied by varying the e x c i t a t i o n i n t e n s i t y and the 
temperature. The o r i g i n of the edge emission i s discussed 
and the conclusions compared with those of other workers. 
Unless otherwise s t a t e d , the measurements r e f e r r e d to were 
recorded using the Optica, and are uncorrected for photo-
m u l t i p l i e r response. When two d i f f e r e n t recordings have 
been superimposed on the same f i g u r e , the emission i n t e n s i t i e s 
are not d i r e c t l y comparable when the term "emission i n t e n s i t y 
( a r b i t r a r y u n i t s ) " i s used. " R e l a t i v e i n t e n s i t y " means 
that the curves may be compared d i r e c t l y . 
4.2 Edge emission c h a r a c t e r i s t i c s a t l i q u i d nitrogen 
temperatures 
At l i q u i d nitrogen temperatures edge emission i s 
due to the recombination of a free e l e c t r o n with a hole bound 
at an acceptor, the energy of the emitted photon i s given by, 
E p * EG - ( EA" EK } <l> 
E G i s the band gap energy, E A i s the acceptor binding energy 
and E K the k i n e t i c energy of the free e l e c t r o n . The 
acceptor binding energy E A can be determined from t h i s 
equation by using the observed peak energy of the emission 
band and known value£ of E R * kT. The edge emission s p e c t r a 
at l i q u i d nitrogen temperatures of the various undoped 
c r y s t a l s can be summarized as follows: 
4.2.1 Flow run c r y s t a l s 
Only a few z i n c s e l e n i d e c r y s t a l s grown from the 
vapour phase i n a continuous flow of argon were luminescent 
under U.V. e x c i t a t i o n a t l i q u i d nitrogen temperatures. A 
t y p i c a l emission spectrum of a luminescent c r y s t a l c o n s i s t s 
of a s e r i e s of equally spaced bands decreasing i n i n t e n s i t y 
at longer wavelengths. The emission spectrum of such a 
c r y s t a l , (for example No.87) e x h i b i t s f i v e peaks with maxima 
at 4610, 4662, 4715, 4773 and 4830$ at 87 K. At 65 K t h i s 
s e r i e s s h i f t s by about 2$ to shorter wavelengths while a small 
shoulder appears at 4560$. At t h i s temperature the f i v e 
major bands were located at 4608, 4660, 4714, 4770 and 4828$. 
The maxima., of these bands have an equal~energy separation of 
approximately 0.0308 ± 0.0006 eV. The band at the s h o r t e s t 
wavelength with a maximum at 4608$ i s the zero order phonon 
component, while with the remainder, recombination occurs 
with the co-operation of one, two, three and four l o n g i t u d i n a l 
o p t i c a l (LO) phonons. The energy separation of adjacent 
bands i s i n good agreement with the LO phonon energy of 
0.0314 eV f o r cubic ZnSe determined by Halsted e t a l ( 1 ) . 
The o r i g i n of the shoulder at 4560$ has not h i t h e r t o 
been w e l l understood. R e s u l t s to be described l a t e r show 
that i t i s almost c e r t a i n l y a d i f f e r e n t no-phonon band 
with r e p l i c a s too weak to be detectable and obscured by the 
major s e r i e s . T his band was a l s o observed by Reynolds et a5. 
(2) a t 4.2 K. They pffered no explanation as to i t s o r i g i n . 
No s p e c t r a l change .In any of the emission was observed at 
65 K when the e x c i t a t i o n i n t e n s i t y was v a r i e d . This suggests 
t h a t the f r e e to bound assignment of the 4608$ s e r i e s i s 
c o r r e c t . I n addition to t h i s blue edge emission, a broad 
green band with a half-width of about 380$ was located at 
about 5360$, 
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Figure 4.1 Comparison of the emission spectra of crystals grown with 
different reservoir tempera tures . 
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4.2.2 C r y s t a l s grown i n selenium vapour 
• T i r - *]Ti ii i i i 1 m IIIMI «i i. m ii ii i I I I I I I Bl mi l. n n • 
These were c r y s t a l s grown i n the sealed tube 
system with selenium added to the r e s e r v o i r . The c r y s t a l s 
were grown from charges at temperatures of 1115°C. The 
Pmin c o n <^ i t :'- o n w a s obtained when the selenium i n the 
r e s e r v o i r was held at 360°C. C r y s t a l s were grown with a 
v a r i e t y of selenium r e s e r v o i r temperatures ranging from 335 
to 385°C. Figure 4.1 shows the edge emission s p e c t r a of 
three c r y s t a l s grown with d i f f e r e n t selenium r e s e r v o i r 
temperatures. 
Examination of the emission spectrum of a c r y s t a l 
(No.171) grown under a selenium pressure l e s s than that at 
3?min conditions ( i . e . with a r e s e r v o i r temperature at about 
335°C), shows a zero-phonon band at 4605$ at 87 K and three 
LO phonon r e p l i c a s a t about 4668/ 4712 and 4766$. At 65 K 
t h i s s e r i e s s h i f t e d by about 5$ to higher energies and the 
bands increased i n i n t e n s i t y . The bands had a half-width 
of about 46$ and were equally spaced i n energy of 4600, 4653, 
4708, 4764 and 4822$. The energy separation of adjacent 
members was 0.031 ± 0.0004 eV. In addition to t h i s s e r i e s 
a higher energy band with a half-width of about 25$ appeared 
near 4555$. This i s c l o s e to the shoulder observed i n the 
emission of flow run c r y s t a l s . 
Emission s p e c t r a were recorded with various inten-
s i t i e s of the e x c i t i n g l i g h t at 65 K and are shown i n 
Figure 4.2. No s h i f t s i n the p o s i t i o n s of the maxima of the 
LO phonon a s s i s t e d emission were observed. The band at 4555$ 
however disappeared when the e x c i t a t i o n i n t e n s i t y was reduced. 
I n addition to the edge emission a broad band with a h a l f -
width of 430$ was a l s o observed at longer wavelengths. This 
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Figure 4 2 Edge emission spectra of the ZhSe crystal No. 172 were recorded 
with various intensities of the exciting U.V. radiation at 65° K. 
- 83 -
had at i t s maximum about 5560$ i n the green. This broad 
band had a small shoulder at about 5350$. 
The second c r y s t a l (No.172) was grown under exact 
Pmin c o n d i t ^ o n s with a r e s e r v o i r temperature of 360°C. 
Thi s sample showed edge emission s i m i l a r to that of c r y s t a l 
No.171 at 88 and 65 K. However the i n t e n s i t y of the emission 
was higher and a f i f t h LO phonon r e p l i c a was e a s i l y resolved 
at about 4880$ at 65 K. The spectrum i s shown i n Figure 4.1b. 
T h i s c r y s t a l was subsequently annealed at 850°C for f i v e days 
i n molten z i n c , a f t e r which the i n t e n s i t y of the. phonon 
a s s i s t e d s e r i e s had increased by nearly four times. The band 
maxima ^  a l s o s h i f t e d to s h o r t e r wavelengths by about 5$ 
w h i l e the band at 45 55£ disappeared. 
The t h i r d c r y s t a l examined was grown with a selenium 
r e s e r v o i r temperature of 385°C, which means the selenium 
pressure exceeded that obtained under &m^n conditions. No 
edge emission peaks were observed at 87 K, A weak broad 
band was detected at about 5750$ with a half-width of 
approximately 600$. At 65 K (Figure 4.1c) t h i s broad band 
had decreased i n i n t e n s i t y and small peaks appeared at 
4553, 4584, 4605, 4630, 4658, 4685, 4712 and 4766$. The 
peaks at 4605, 4658, 4712 and 4766$ are a t t r i b u t e d to the 
dominant high energy s e r i e s . I t i s probable that the bands 
at 4553 and 4584$ c o n s t i t u t e the zero order components of 
a s s o c i a t e d high and low energy s e r i e s , while the emission 
bands at 4630 and 4685$ are probably the zero and f i r s t 
order components of the LES associated with the dominant 
HES (see l a t e r ) . 
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This c r y s t a l was a l s o annealed i n molten z i n c for 
10 days at 850°C a f t e r which a d r a s t i c change was revealed 
i n the edge emission spectrum. For example the short wave-
length l i n e s at 4553 and 4584$ had disappeared but the 
i n t e n s i t y of the zero order l i n e at 4605$ and i t s s e r i e s had 
Increased n e a r l y f i f t e e n f o l d . 
For c r y s t a l No.172, an acceptor binding energy of 
0.122 eV was c a l c u l a t e d from equation (1) using the observed 
photon energy of the zero phonon l i n e , 4600$ a t 65 K. The 
magnitude of the band gap was taken to be 2.812 eV as 
estimated from the observed value of 2.813 eV at 60 K ( 3 ) . 
The acceptor i o n i z a t i o n energy of 0.122 eV i s i n good agree-
ment with t h a t reported by Reynolds et a l ( 2 ) , namely 0.12 eV. 
For c r y s t a l No.173, acceptor binding energies were found to 
be 0.095 and 0.125 eV from the observed photon energies of 
the two d i f f e r e n t zero phonon l i n e s a t 4553 and 4605$ 
r e s p e c t i v e l y . 
4.2.3 C r y s t a l s grown i n z i n c vapour 
Numerous c r y s t a l s have been grown with an excess of 
z i n c i n the r e s e r v o i r . With t h i s arrangement a r e s e r v o i r 
temperature of 555°C was necessary to obtain the P . 
mln 
condition. A l a r g e number of c r y s t a l s have been examined 
at l i q u i d nitrogen temperature and t h e i r emission properties 
are r a t h e r v a r i a b l e . Figure 4.3 i l l u s t r a t e s the emission 
s p e c t r a of seven d i f f e r e n t c r y s t a l s at 65 K. Some of them 
show a s i n g l e broad band emission (deep centre luminescence) 
i n the green and most of them e x h i b i t two narrower bands, 
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F igu re 4 . 3 The emission spectra of various Zn Se crystals at 65°K. 
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with a s s o c i a t e d phonon s t r u c t u r e at shorter wavelengths. 
I n general the emission s p e c t r a of c r y s t a l s grown with 
z i n c r e s e r v o i r s are r a t h e r broad at l i q u i d nitrogen 
temperatures with poorly resolved s t r u c t u r e , and p r e c i s e 
measurements of the maxima become d i f f i c u l t . As a r e s u l t 
no attempt has been made to f i t any mathematical d i s t r i b u -
t i o n to the more intense of the phonon components. However, 
for completeness the d e t a i l s of the observed emission are 
summarised below. 
For example one c r y s t a l (No.114) grown with a z i n c 
r e s e r v o i r a t 600°c had a s i n g l e Gaussian shaped band at 
about 5230$ with a half-width of approximately 380$. Two 
c r y s t a l s grown under P m i n conditions exhibited d i f f e r e n t 
emission bands, one of them.. (No..105) had a s i n g l e broad 
band at 5220$ with a half-width of approximately 520$, while 
the other (No.125) had two broad bands at about 4860 and 
5150$ with h a l f widths of about 250 and 450$ r e s p e c t i v e l y . 
These l a t t e r two bands were a common feature of most of the 
c r y s t a l s grown with z i n c r e s e r v o i r s (for example c r y s t a l s 
No.120, 121, 124 and 129), which are shown i n Figure 4.3. 
Less intense phonon a s s i s t e d emission bands were a l s o 
observed i n these c r y s t a l s on the high energy s i d e of the 
4860$ band. At 88 K three components of an LO phonon 
a s s i s t e d s e r i e s were resolved at about 4600, 4654, and 
4710$ i n some samples. When the c r y s t a l s were cooled to 
65 K the I n t e n s i t y of t h i s s e r i e s increased, and the emission 
bands s h i f t e d by about 15$ towards shorter wavelengths. At 
t h i s temperature four phonon components of the emission 
could b© resolved at about 4585, 4645, 4700 and 4757$. 
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The energy separation of the components of t h i s s e r i e s i s 
0.0313 * 0.0003 eV. When comparing a l l the c r y s t a l s examined 
at 65 K the p o s i t i o n s of the peaks of the components of t h i s 
s e r i e s vary by up to 5$, which might be due to the broad 
nature of the emission, or to e r r o r s i n the wavelength 
marker. The I n t e n s i t y of the 5150& emission was not 
appreciably dependent on the temperature, but the i n t e n s i t y 
of the 486oR band increased and became a dominant feature 
together with the phonon a s s i s t e d s e r i e s at 65 K. Wo 
wavelength s h i f t s were observed when the e x c i t a t i o n i n t e n s i t y 
was decreased by two orders of magnitude. However, at low 
e x c i t a t i o n i n t e n s i t i e s the phonon r e p l i c a s disappeared and 
the t a i l of the 486o£ band and the 2ero order band of the 
phonon a s s i s t e d s e r i e s merged into two broad bands. 
The acceptor binding energy c a l c u l a t e d from equation 
(1) using the observed wavelength value of 4585$ for the 
f i r s t zero phonon l i n e i s 0.112 ± 0.002 eV. This i s i n close 
agreement with the value reported by I i d a ( 4 ) , for z i n c 
annealed ZnSei c r y s t a l s . 
4.3 Edge Emission C h a r a c t e r i s t i c s at L i q u i d Helium 
Temperatures 
The edge emission of z i n c selenide e x c i t e d by 
3650$ r a d i a t i o n at l i q u i d helium temperature c o n s i s t s of 
s e v e r a l s e r i e s of sharp l i n e s and broad bands. Such emission 
s p e c t r a , which e x h i b i t w e l l developed s t r u c t u r e and systems 
of l i n e s or bands with r e g u l a r l y spaced energies, have been 
i d e n t i f i e d by various workers (2, 4, 5, 6) see Chapter 2. 
The sharp l i n e s , which are mostly at the high energy l i m i t , 
TABLE 4.1 
Position of bound excitons and phonon assisted 
emission maxima of flow run cr y s t a l s (No.87) at 10 and 65 K 
Observed Spectrum at 10 K Observed Spectrum at 65 K 
Lines Wave-Lengtt 
d) 
Energy 
(eV) 
Strength Possible Assignment Lines 
Wave-
Length 
(&) 
Energy 
(eV) 
Possible 
Assignment 
I 
X 
4438 2.79385 Shoulder 
(weak) 
(?) N« 
o 
4560 2.71910 Zero-phonon 
4447 2.78819 Medium Exciton N 4608 2.69078 Zero-phonon 
z bound to 
neutral donor 
o 
h 4468 2.77509 Medium Exciton bound N l 4660 2.66018 One-phonon to neutral 
acceptor 
X 
4490 2.76113 Weak I^-Acoustic 
phonon 
N 2 4714 2.63027 Two-phonon 
X l a 4518 2.74438 Medium I r L 0 N 3 4770 2.59939 Three-phonon 
11 1c 4538 2.73218 Shoulder I -LO- N4 4828 2.56816 Four-phonon (weak) J. 
Acoustic 
phonon 
S' o 4582 2.70604 Strong Zero-phonon 
S 
o 
4630 2.67790 Strdrng Zero-phonon 
S l 4684 2.6471? Strong One-phonon 
S2 4739 2.61639. ;strong Two-phonon 
S 3 4790 2.58530 Medium Three-phonon 
S4 4854 
i 
2.55441 Medium Pour-phonon 
S5 4913 2.52373 Weak Five-phonon 
S 5 4974 2.49278 Weak Six-phonon 
i 
i 
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are a t t r i b u t e d to the a n n i h i l a t i o n of the free and bound 
ex c i t o n s , and t h e i r phonon r e p l i c a s . Under argon ion l a s e r 
e x c i t a t i o n sharp l i n e s have been i d e n t i f i e d as 1^ (at about 
4456$) and 1^ (at about 4432 and 4435$) which are associated 
with the a n n i h i l a t i o n of excitons bound to n e u t r a l acceptors 
and donors, r e s p e c t i v e l y ( 7 ) . The bands to s l i g h t l y longer 
wavelengths with uniformly spaced r e p l i c a s are a t t r i b u t e d 
to the to phonon a s s i s t e d high energy s e r i e s (HES) which 
r e s u l t s from the recombination between free e l e c t r o n s and 
holes bound to acceptor l e v e l s some 0.12 and 0.10 eV above 
the valence band (2, 4 ) . The low energy s e r i e s (LES) i s 
due to the d i s t a n t p a i r recombination of e l e c t r o n s bound 
to shallow donors and holes bound to the same acceptors (6,7). 
The edge emission components have been i d e n t i f i e d 
by competing t h e i r wavelengths with the reported values. 
The behaviour of these components under various e x c i t a t i o n 
conditions and the v a r i a t i o n s of the spectra from c r y s t a l 
to c r y s t a l suggest that these assignments are c o r r e c t . 
4.3.1 Flow run c r y s t a l s 
The edge emission of a cubic, flow run c r y s t a l (No.87) 
of ZnSe e x c i t e d by U.V. r a d i a t i o n was studied at 10 K, The 
observed emission spectrum co n s i s t e d of a number of sharp 
l i n e s with a h a l f - h e i g h t width of about 10$, followed by an 
LO phonon a s s i s t e d s e r i e s of bands with widths of 25$. The 
emission spectrum i s shown i n Figure 4.4. The p o s i t i o n s of 
the emission peaks are summarized i n Table 4.1. With t h i s 
c r y s t a l the maxima of the sharp l i n e s which lay w ithin the 
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range 4438$ to 4530$ were assigned to exciton recombination, 
while the broader bands w i t h i n the range of 4582 to 4974$ 
were assigned to LES recombination processes.. I n Figure 4.4 
the i n t e n s i t y of the LES was nearly 10 times greater than 
t h a t of the exciton l i n e s . The zero phonon component 
( l a b e l l e d S Q ) at about 4630$, was r e p l i c a t e d at lower energies 
with a spacing of 30.88 ± 0.3 m®V. This r e p e t i t i o n i s ' 
a s s o c i a t e d with the simultaneous emission of i o n g i t u d i n a l 
o p t i c a l phonons. A zero phonon component of what i s 
presumably a second s e r i e s ( l a b e l l e d S^) has been observed 
on the high energy s i d e of the zero order LES band, at about 
4582$ with a half-width of approximately 20$, which suggests 
t h a t i t i s not an exciton. T h i s band has a 28 meV energy 
separation from the zero order LES band ( S Q ) and i t s r e p l i c a s 
are presumably too weak to be detectable being mixed i n the 
S Q , S^, S£ Sg bands. Our r e s u l t s are very s i m i l a r to 
those of Dean and Merz ( 7 ) , who found two comparable s e r i e s 
which they l a b e l l e d Q and R. The wavelengths of the Q0 and 
R Q components were 4610 and 457 5$ which are close a t l e a s t 
to those c a l l e d S Q and S^ here. I t seems reasonable to 
assume t h a t the l i n e s l a b e l l e d S^ and (Table 4.1) are 
a s s o c i a t e d with the same donors as are those l a b e l l e d 
S„ and N . o o 
The strongest l i n e i n the exciton region i s the 1^ 
l i n e a t 4447$, r e s u l t i n g from the recombination of an 
e x c i t o n bound to a n e u t r a l donor. On the short wavelength 
s i d e of the I 2 l i n e a small shoulder appeared at 4437$ and 
has been l a b e l l e d I . This shoulder i s c l o s e to a s i m i l a r 
u n i d e n t i f i e d l i n e observed by Dean and Merz ( 7 ) , which they 
reported t o . i n c r e a s e with i n c r e a s i n g z i n c concentration, 
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under which conditions they observed the d i s c r e t e p a i r 
s p e c t r a . A second strong emission l i n e at 4468$ has been 
l a b e l l e d 1^, and i s b e l i e v e d to r e s u l t from the recombination 
of an exciton bound to a n e u t r a l acceptor. The two weak 
shoulders I 1 and l£ c at about 4490 and 4538$, may be due 
to the emission of the a c o u s t i c phonons as s o c i a t e d with 1^. 
T h i s gives an a c o u s t i c phonon energy of 13.2 ± 0.6 meV which 
i s s i m i l a r to the value of 13.0 t 0,3 meV observed by Dean 
and Merz ( 7 ) . The medium i n t e n s i t y I , l i n e .at about 
Art 
31.6 meV energy separation from the 1^ l i n e , i s a t t r i b u t e d 
to 1^ recombination with the emission of one LO phonon. 
T h i s supports the suggestion that 1^ excitons couple much 
more strongly with both the o p t i c a l and a c o u s t i c a l phonons 
than e x c i t o n s bound at n e u t r a l donors (which leads to the 
I 2 l i n e ) . T h i s means that excitons are more t i g h t l y bound 
to the acceptor centres than the donor centres i n ZnSe. I n 
f a c t the i n t e n s i t y of the l i n e was three times higher 
than t h a t of the I 1 l i n e . Unfortunately i t was not p o s s i b l e 
to make Zeeman measurements to confirm the i d e n t i t y of the 
1^ and I 2 lines.*. 
When the e x c i t a t i o n i n t e n s i t y was v a r i e d over three 
ordersof magnitude using n e u t r a l density f i l t e r s a s h i f t of 
about 12$ was observed i n the p o s i t i o n of the LES emission. 
With decreasing e s c i t a t i o n , the s p e c t r a l peak s h i f t e d to 
longer wavelengths as i s to be expected with a bound to 
bound recombination mechanism. The s h i f t AE i n the p o s i t i o n 
of the maximum of the zero order component of the LES 
between two e x c i t a t i o n i n t e n s i t i e s ( I ' and I " ) was found 
to be AE - 1.73 I n ( I ' / I " ) meV, at 10 K. 
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Figure 4.4 shows that the observed phonon a s s i s t e d 
S emission s e r i e s a t 10 K was at lower energies than the 
corresponding N s e r i e s observed at 65 K, An experiment was 
c a r r i e d out to i n v e s t i g a t e whether or not these two s e r i e s 
were of the same o r i g i n . Following the studies at l i q u i d helium 
temperature, the s p e c t r a l d i s t r i b u t i o n of the emission near 
the zero phonon l i n e was scanned over a range of wavelengths 
at short time i n t e r v a l s as the temperature rose slowly to 
78 K.- The temperature was s u f f i c i e n t l y constant over one 
scan period f o r s a t i s f a c t o r y spectra to be obtained. The 
s p e c t r a observed are shown i n Figure 4.5, I t i s c l e a r from 
the f i g u r e t h a t as the temperature increased new emission 
l i n e s appeared and a t 32 K both the HES and LES emission 
are apparent i n the same s p e c t r a . Eventually the HES 
dominated the spectrum at 78 K, while the emission band at 
1Q K gradually decreased i n i n t e n s i t y and disappeared as the 
temperature was increased. This, w i l l be discussed f u r t h e r 
i n S ection 4.4. The difference, in energy between the S Q 
and N Q and S^ and band was found to be 0.013 eV i n 
both cases. This behaviour i s c o n s i s t e n t with the mechanism 
suggested by P e d r o t t i and Reynolds ( 8 ) . At 4 K there are 
two s e r i e s both due to donor acceptor recombination. At 
higher temperatures, the donors are ionized and two HES 
r e s u l t . In t h i s sample there i s one a c t i v e donor and two 
a c t i v e acceptors. 
4.3.2 C r y s t a l s grown i n Selenium Vapour 
The edge emission s p e c t r a of undoped c r y s t a l s 
grown with selenium r e s e r v o i r s at a v a r i e t y of d i f f e r e n t 
temperatures show the LES and HES bands only. Even at the 
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Figure 4.6 Edge emission spectra of the ZnSe crystal No.171 recorded 
at 10° K for va r ious levels of U.V. excitation. 
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lowest temperature, 4 K, and with the highest e x c i t a t i o n 
I n t e n s i t y a v a i l a b l e , no bound exclton or d i s c r e t e p a i r l i n e s 
were observed. The e x i s t e n c e of strong LO phonon r e p l i c a s 
of the edge emission provides adequate evidence of a high 
acceptor concentration. 
The emission spectrum of c r y s t a l (No.171) grown 
under a selenium pressure l e s s than that at P m j _ n shows two 
d i f f e r e n t zero phonon bands at 4579 and 4628.8 with h a l f -
height widths of about 24 and 35$ r e s p e c t i v e l y . Although 
the r e l a t i v e i n t e n s i t i e s of these two bands might suggest 
they are members of the same s e r i e s they are not, as t h e i r 
v a r i a t i o n s with e x c i t a t i o n i n t e n s i t y and temperature c l e a r l y 
i n d i c a t e . The wavelengths and energies of these bands, 
t h e i r LO phonon r e p l i c a s and assignments are displayed i n 
Table 4.2a. The bands observed are very s i m i l a r to those 
found i n the flow run c r y s t a l s . In addition to these s e r i e s 
a high energy band with a half-height width of about 19$ 
appeared at 4525$. The o r i g i n of the band at 4525$ i s not 
w e l l understood. I t could be that t h i s peak corresponds to 
the I^-LO bound exciton l i n e but t h i s i s u n l i k e l y since the 
1^ l i n e was not detectable. I t might a l s o correspond to the 
zero order band reported by Liang and Yoffe (5) i n hexagonal 
ZnSe at 4527$. However, they reported the HES of hexagonal 
ZnSe at about 45 15$ at 77 K whereas we never observed such 
a s e r i e s i n any undoped sample at 77 K. 
The maximum of the zero phonon component of the LES 
shown i n Figure 4.6 s h i f t e d by about 6.2 meV per order of 
magnitude decrease i n e x c i t a t i o n i n t e n s i t y towards longer 
wavelengths. The s h i f t i s more apparent i n the diagram 
f o r the phonon r e p l i c a s . Since there was no s h i f t i n the 
p o s i t i o n s of the emission maxima with e x c i t a t i o n i n t e n s i t y 
TABLE 4.2a. 
Position of phonon assisted emission bands 
of c r y s t a l s grown with a variety of selenium 
reservoir temperatures 
Crystal (No,171) was grown under les s P . condition 
mm 
Observed Spectrum at 10 K Observed Spectrum at 65 X 
Lines Wave-length 
<S> 
Energy 
(eV) 
Strength Possible Assignment Lines 
Wave-
length 
(St) 
Energy 
(eV) 
Possible 
Assignment 
l a 4525 2.74013 Medium N» o 
4555 2.72208 Zero-phonon 
S' 
o 
4579 2.70782 Strong Zero-phonon N 
o 
4600 2.69546 Zero-p&onon 
S 
o 
4628 2.67915 Strong Zero-phonon N l 4653 2.66475 One-phonon 
S l 4683 2.64768 Strong One-jphonon N2 4708 2.63362 Two-phonon 
S2 4735 2.61861 Medium Two-phonon N 3 4764 2.60266 Three-phonon 
S 3 4790 2.58854 Weak Three-phonon N4 4822 2.57136 Foux-phonon 
S4 4848 2.55757 Weak Four-phonon 
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at 65 K, the phenomena can again be i n t e r p r e t e d i n terms 
of the P e d r o t t i and Reynolds (8) model. The LES i s dominant 
at 4 K and the HES at 77 K. I n t h i s respect the behaviour 
i s i d e n t i c a l with that of the flow run c r y s t a l s , and once 
again one donor and two acceptors are involved. 
The second (No.172) and t h i r d (No.173) c r y s t a l s 
grown under higher p a r t i a l pressures of selenium show 
e s s e n t i a l l y the same phonon a s s i s t e d s e r i e s as c r y s t a l No.171. 
However, the emission of sample 172 grown under P m^n con-
d i t i o n s was more Intense than that of the sample 173 grown 
with an even higher selenium pressure and f i v e l o n g i t u d i n a l 
phonon r e p l i c a s were e a s i l y resolved. The wavelengths and 
energies of the components of the edge emission s e r i e s are 
recorded i n Tables 4.2b and 4,2c. The zero phonon band 
was separated by 28.8 meV from the corresponding S Q band and 
was often, much more intense (for example i n c r y s t a l s 171 and 
173). The phonon r e p l i c a s of the s e r i e s were mixed i n 
with and overlapped the S Q s e r i e s . The two zero phonon 
bands a l s o had d i f f e r e n t h a l f widths, i . e . 14.6 (S^) and 
22.1 meV ( S Q ) , as did t h e i r high energy partners at 65 K, 
i . e . 14.8 (NJ) and 32 meV (N ) . These d i f f e r e n c e s , and the 
f a c t t h a t the r a t i o s of the i n t e n s i t i e s of the S' and S 
o o 
bands changed with v a r i a t i o n s i n the i n t e n s i t y of e x c i t a t i o n 
show that the proposed assignment i s c o r r e c t . 
The emission s p e c t r a of these two c r y s t a l s were 
examined under d i f f e r e n t i n t e n s i t i e s of e x c i t a t i o n and both 
showed a s h i f t of the S Q and s e r i e s by about 12$ to 
longer wavelengths as the e x c i t a t i o n I n t e n s i t y decreased 
by an order of magnitude. The s h i f t i s i l l u s t r a t e d more 
c l e a r l y i n Figure 4.7 which shows the emission spectra of 
• Energy(e V ) 
2.755 2.695 2.638 2.583 2-5 
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— slit 1.2 mrn 5%excitation 
— slitLAA mm 3% excitation 
- slit 2.9 m m 1% excitation 
- slit 3.2 mm05% exc i tation 
•— slit 3.2 mm 0.3% excitation 
ll 
\ 
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T 
A500 4600 A700 
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Figure A.7 Edge emission s p e c t r a of the ZnSe crystal 
a t 10°K fo r various levels of U.V. excitat ion. 
A 900 
No. 173 recorded 
TABLE 4.2b 
Position of phonon assisted emission bands 
of c r y s t a l s grown with a variety of selenium 
reservoir temperatures 
Crystal (No.172) was grown under exact P , condition 
Observed Spectrum a t 10 K Observed Spectrum at 65 K 
Lines Wave-length 
(8) 
Energy 
(eV) 
Strength Possible Assignment Lines 
Wave-
length 
(£) 
Energy 
(eV) 
Possible 
Assignment 
l a 4526 2.73953 Medium I^LOC?) N> o 4555 2.72208 Zero-phonon 
S' 
o 
4580 2.70723 Strong Zero-phonon N 
o 
4600 2.69546 gero-phonon 
S 
o 
4630 2.67790 Strontj Zero-phonon N l 4653 2.66475 One-phonon 
S l 4684 2.64712 Strong One-phonon K 2 4708 2.63362 Two-phonon 
S 2 4739 2.61639 Medium Two-phonon N 3 4764 2.60266 Three-phonon 
S 3 4796 2.58530 Medium Three-phonon 
N4 4822 2.54080 Fow-phonon 
S4 4854 2.55441 Weak Four-phonon N 5 4880 2.54080 Five-phonon 
S 5 4915 2.52322 Ppak Five-phonon 
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c r y s t a l No.173 fo r various e x c i t a t i o n i n t e n s i t i e s . Once 
again such a s h i f t i n d i c a t e s a p a i r band mechanism i n the 
recombination. 
The heights of the maxima of the phonon components 
of the s p e c t r a obtained from the Optica with d i f f e r e n t 
i n t e n s i t i e s of e x c i t a t i o n were corrected for photomultlplier 
response and then compared. The r a t i o s of the heights for 
the emission of zero, one, two, three, four and f i v e phonons 
were found f o r c r y s t a l No.172 to be 
S =1.00 ; S,=0.71 ; S o=0.26 : S =0.06 : S. =0.018 s S c~0.010 O 1 l 3 4 5 
The large number of r e p l i c a s emitted suggests that 
there i s strong coupling between the c a r r i e r and the l a t t i c e . 
Hopfield (9) showed t h a t the i n t e n s i t y of the (n+1) th band 
%{xi) i s given by, 
I(n) = I t xo <2> 
where n i s the number of phonons, IQ i s the i n t e n s i t y of the 
zero phonon band and N i s the parameter measuring the average 
number of phonons. This r e l a t i o n shows that the value of N 
i s simply I j > / 1 0 w J l i c n f o r t h i s c r y s t a l was 0.71. Using t h i s 
value of N, equation (2) y i e l d s the following r a t i o s 
1.00 : 0.71 ; 0.252 : 0.058 % 0.0106 : 0.0015 
The agreement between measured and t h e o r e t i c a l l y 
c a l c u l a t e d i n t e n s i t i e s i s e x c e l l e n t and i n d i c a t e s that the 
p r o b a b i l i t y of a multiphonon emission process i s w e l l 
described by equation ( 2 ) . 
Tables4.2 shows that the two s e t s of luminescence 
peaks observed a t 10 K were to the lower energy side of the 
TABLE 4.2c 
Position of phonon assisted emission bands 
of c r y s t a l s grown with a variety of selenium 
reservoir temperatures 
C r y s t a l (No.173) was grown under high P . condition 
nan 
Observed spectrum a t 10 K Observed spectrum at 65 K 
Lines Wave-length 
(£) 
Energy 
(eV) 
Strength Possible Assignment Lines 
Wave-
length 
d) 
Energy 
(eV) 
Possible 
Assignment 
X l c 4525 2.74013 Medium 1 ^ 0 ( 7 ) 0 4553 2.72326 Zero-phonon 
S 1 
o 
4578 2.70841 Strong Zero-phonon S' 
0 
4584 2.70486 LES of 
zero-phonon 
s 
o 
4630 2.67790 Strong Zero-phonon N 
o 
4605 2.69253 Zero-phonori 
S l 4685 2.64655 Medium One-phonon 
S2 4736 2.61805 Weak Two-phonon S 0 
4630 2.67790 LES of 
one-phonon 
S 3 4792 2.58746 Weak Three-phonon 
N l 
s l 
N 2 
N 3 
4658 
4685 
4712 
4766 
2.66189 
2.64655 
2.63139 
2.60157 
One-phonon 
LES of 
two-phonon 
Two-phonon 
Three-
Phonon 
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s e t s a t 65 K. The s e t s of luminescence peaks were studied 
as the temperature was increased slowly from 10 K. The 
r e s u l t a n t s p e c t r a are shown i n Figure 4.8 for c r y s t a l 172 
( s i m i l a r s p e c t r a were a l s o observed from the c r y s t a l Nos.171 
and 173). I t i s c l e a r from the figure that the i n t e n s i t y of 
the l i n e (at 4525$) decreased with i n c r e a s i n g temperature 
and a t about 38 K t h i s l i n e disappeared completely. Mo 
s h i f t i n the s p e c t r a l l o c a t i o n of the l i n e was observed 
with decreasing i n t e n s i t y . At 30 K the HES band (4552$) 
appeared as a shoulder on the high energy side of (at 
458oR). T h i s shoulder became an intense emission at 65 K, 
when i t had s h i f t e d s l i g h t l y to longer wavelengths. There-
a f t e r the i n t e n s i t y decreased with f u r t h e r increase i n 
temperature. I n the meantime the zero phonon l i n e 
decreased i n i n t e n s i t y with i n c r e a s i n g temperature and 
disappeared at about 55 K. The S Q zero phonon l i n e a l s o 
disappeared a t 55 K. At about 30 K the HES band N Q 
(4600R) began to appear as a shoulder on the high energy 
s i d e of the S Q (4630&) band. This shoulder became a strong 
peak with i n c r e a s i n g temperature. The same behaviour was 
observed for the S^, S 2 , S 3 , and and the N^, N 2, N 3 
and phonon r e p l i c a s . This can be seen from Figure 4.8. 
I n t h i s diagram both the LES and HES emissions can be 
observed most r e a d i l y i n the 50 K curve. The temperature 
dependences of the S Q and N q emissions w i l l be discussed 
i n Section 4.4. The observation of the N and N' l i n e s 
o o 
at l i q u i d nitrogen temperature suggests that at 77 K the 
SchCn-Klasens (10,11) model i s v a l i d , i . e . the emissions 
are a s s o c i a t e d with t r a n s i t i o n s between e l e c t r o n s i n the 
conduction band and trapped holes, while at 10 K the 
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F igure 4 .8 Zero phonon c o m p o n e n t of the ZnSe crysta l 
No,172 recorded wi th inc reas ing t e m p e r a t u r e 
f r o m 10° K to 8 f K. 
Prener-Williams model (12) i s more appropriate to explain 
the S Q and l i n e s . The energy d i f f e r e n c e s between the 
N^ and S^, and N Q and S 'zero phonon components were found 
to be 14.5 ±0.3 meV and 17.5 ± 0.5 meV r e s p e c t i v e l y , which 
may be. a t t r i b u t e d to the binding energy of the donor or 
donors involved. 
A f t e r annealing c r y s t a l No.172 i n molten z i n c for 
four days of 850°C only one main zero phonon band at 4615$ 
and four LO phonon r e p l i c a s at 4674, 4730, 4789 and 4874$ 
were observed. No d i s c r e t e p a i r l i n e s or second s e r i e s of 
LO phonon components were detected. This 46 158 s e r i e s i s 
very s i m i l a r to the low energy s e r i e s of c r y s t a l s grown i n 
z i n c vapour pressure (see S£ i n Tables 4.3 and 4.4 and 
d i s c u s s e d i n the following s e c t i o n ) . Further annealing of 
c r y s t a l No.173 i n molten z i n c (for 15 days at v850°C) led 
to a f u r t h e r s h i f t of the zero phonon band to shorter wave-
lengths so t h a t i t now occurred at 4605$. The i n t e n s i t y 
r a t i o of the zero order l i n e of the phonon a s s i s t e d s e r i e s 
to t h a t of the f i r s t r e p l i c a increased by a f a c t o r of f i v e 
which suggests that an e n t i r e l y new emission process i s 
involved. 
4.3.3 C r y s t a l s grown i n z i n c vapour 
i — 1 i'|-fT T* ' ~ -i f |T>» I m lliflT- •mi i - ' ' I IT i i-i ' — r •in, -• , • ifn.m.mim • • 
The luminescence of c r y s t a l s grown with excess z i n c 
i n the r e s e r v o i r was dominated by a s e r i e s of sharp l i n e s 
as shown i n Figure 4.9, 4.10 and 4.11. The wavelengths and 
energies of the features of. the three spectra and t h e i r 
suggested assignments are given i n Tables 4,3 and 4.4. In 
the bound ex c i t o n region three sharp l i n e s each with a 
shoulder were observed between 2.#91 and 2.690 eV, which 
TABLE 4.3 
The d e t a i l s of observed emission cha r a c t e r i s t i c s 
i l l u s t r a t e d i n the figures 4.9 and 4.10 at 10 K. 
Crystal No.114 | Cr yst a l No.105 
Lines d) Energy Strength Possible Assignment [jines d) Energy Strength 
Possible 
Assignment 
h 
* i 
4464 
4474 
2,77758 
2.77137 
Strong 
Weak 
Exciton 
bound to 
neutral 
acceptor 
4442 2.79133 Strong Exciton 
bound to 
neutral 
donor 
'lU 
4 a 
4515 
4525 
2.74620 
2.74013 
Strong 
Weak 
I ^ L O 
Ij-LO 
h 4466 2.77633 Strong Exciton bound to 
neutral 
acceptor 
4b 4568 2.71438 Medium I -2L0 4 a 4517 2.74498 Strong V L 0 
I ' l b 4576 2.70959 Weak I 1-2L0 X l b 4570 2.71315 Medium I 1~2L0 
S" o 4618 2.68495 Strong Zero-phonon S" o 4620 2.68379 Strong Zero-phonon 
s 
o 
S l 
4632 
4674 
2.67683 
2,65278 
Weak 
Strong 
Zero-phonon 
One-phonbn 
S 
o 
1 
4640 
4675 
2.67722 
2.65212 
Shoulder 
Weak 
Strong 
Zero-phonon 
One-phonon 
S l 
S 2 
S2 
S3 
4687 
4730 
4743 
4789 
2.64542 
2,62137 
2.61419 
2.58908 
Weak 
Strong 
Weak 
Strong 
One-phonon 
Two-phonon 
Two-phonon 
Three-phonon 
S l 
s» 
S2 
4695 
4732 
4752 
2.64091 
2.62027 
2.60924 
Shoulder 
Weak 
Strong 
Shoulder 
Weak 
One-phonon 
Two-phonon 
Two-phonon 
S 3 4800 2.58315 Weak Three-phonon 
4790 2.58854 Medium Threa-phonon 
S4 4847 2.55812 Strong Four-phonon 
4820 2.57243 Weak (?) 
S4 4860 2.55125 Weak Four-phonon 
Oil 
S4 4850 2.55651 Weak Foux-phonon 
S« 4906 2.52733 Strong Five-phonon 4870 2.54602 Weak (?) 
S 5 4918 2.52117 Weak Five-phonon 
qll 
S" 
6 
4910 
4942 
4972 
5050 
2.52527 
2.50892 
2.49378 
2.45527 
Weak 
Weak 
Weak 
Medium 
Five-phonon 
(?) 
Six-»phonon 
(?) 
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are l a b e l l e d 1^, -^a' ^ i b " ^he exception of c r y s t a l 
105, the 1^ l i n e s can be seen to be doublets with s p l i t t i n g s 
of approximately 6 meV. The two components appear at 4464 
and 4474$ with a h a l f - h e i g h t width of about 10&\ The 1^ 
l i n e s are a t t r i b u t e d to the recombination of excitons 
bound to n e u t r a l acceptors. The and 1 ^ l i n e s are due 
to the (I^-LO and I^~2L0) LO phonon-assisted recombination 
of the bound e x c i t o n s . This gives the LO phonon energy 
a t about 31.46 £ 0.08 eV, which i s s i m i l a r to the reported 
value of 31.4 meV ( 1 ) . 
Jn addition to the above l i n e s the c r y s t a l s No.120 
and 121 show small peaks with maxima at about 4585 and 453l£, 
which are shown i n Figure 4.11 and Table 4.4. These are 
l a b e l l e d I,„ and 11 and a t t r i b u t e d to the emission of 1c l c 
a c o u s t i c phonons a s s o c i a t e d with 3^-LQ-TA, I ^ L O - T A 
r e p l i c a s , r e s p e c t i v e l y . This gives the a c o u s t i c phonon 
energy as 13 meV, which i s very s i m i l a r to the reported 
value ( 7 ) . 
The spectrum of the c r y s t a l 105 was dominated by 
the 1^ exciton emission with i t s maximum at about 4466A*. 
The f i r s t and second LO phonon r e p l i c a s lay a t about 4517 
and 45 70£ r e s p e c t i v e l y . With t h i s sample some of these 
l i n e s were s p l i t and a l s o exhibited another sharp l i n e a t 
the shorter wavelength of 4442&, as shown i n Figure 4.10, 
Thi s l i n e i s l a b e l l e d I 2 and i s a t t r i b u t e d to the recom-
b i n a t i o n of excitons bound to n e u t r a l donors. The 1^ 
exc i t o n coupled much more strongly to phonons than the I 2 
e x c i t o n s . This i s i n accord with'the f a c t that excitons 
are more t i g h t l y bound to the acceptor centres than to the 
TABLE 4.4 
The position of the emission maxima of cr y s t a l No.120 and 121. 
Line Wavelength 
(&) 
Energy 
(eV) 
Strength Possible Assignment 
h 4460 2.78007 Strong Exciton bound to neutral 
4 4468 2.77509 Shoulder Acceptor j. (Weak) 
4 a 4511 2.74864 Strong I . - LO 
4 a 4521 2.74256 Soulder I (Weak) 
4 c 4531 2.73650 Weak 1^ - LO - TA 
X l b 4563 2.71731 Strong I . - 2L0 
4b 4572 2.71196 Weak i. 
4 c 4585 2.70427 Weak I - 2L0 - TA 
S" o 4615 2.68669 Strong Zero-phonon 
S 
o 
4630 2.67799 Weak Zero-phonon 
S- 4670 2.65505 Strong One-phonon 
S l 4686 2.64599 Weak One-phonon 
S 2 4726 2.62359 Strong Two-phonon 
S2 4743 2.61419 Weak Two-phonon 
S 3 4784 2.59178 Strong Three-phonon 
S 3 4800 2.58315 Weak Three-phonon 
S4 4844 2.55968 Medium Four-phonon 
S4 4860 2.55125 Weak Four-phonon 
S 5 4905 2.52785 Medium Pive-phonon 
S 5 4922 2.51912 Weak Pive-phonon 
S 6 4968 2.49579 Weak Six-phonon 
S 6 4985 2.49728 Weak Six-phonon 
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donor c e n t r e s . The Bausch and Lomb spectrograph was used 
to confirm t h a t the wavelengths of the and 1^ l i n e s were 
4442 and 4466$. No f a c i l i t i e s f o r the measurements of the 
Z$eman s p l i t t i n g of these l i n e s were a v a i l a b l e to confirm 
the assignments. The wavelengths of the 1^ and l i n e s 
reported here are approximately 10$ (5 meV) l a r g e r than 
those p r e v i o u s l y reported (7,13,14,15)« I t i s u n l i k e l y 
t h a t these d i f f e r e n c e s are due to the d i f f e r e n t I n t e n s i t i e s 
of e x c i t a t i o n , but some displacement w i l l be a s s o c i a t e d 
with the d i f f e r e n t temperatures employed (10 K as against 
4.2 K ) . The band gap i n c r e a s e s with decreasing temperature 
-4 o 
by about 4.5 10 meV per K so that at 10 K the band gap 
i s about 1.8 meV l e s s than that a t 4.2 K. I t may be that 
the Dean and Merz c r y s t a l s contained a t r a c e of sulphur 
which would i n c r e a s e the band gap, which according to t h e i r 
r e s u l t s they would appear to have taken to be 2.83 eV. 
E l a s t i c s t r a i n i s another p o s s i b l e cause of the displacement. 
The c r y s t a l s grown with excess z i n c i n the r e s e r v o i r 
a l s o emitted i n two r e l a t i v e l y broad bands at 10 K, which 
were centred at about 5200 and 4830 $. The blue band at 
4830$ has not been reported previously. In between the 
bound e x c i t o n l i n e and the band at 4830$ there are at 
l e a s t two phonon a s s i s t e d s e r i e s (see Figures 4.9, 4.10, 4.11). 
The s e r i e s with higher energy was quite prominent with the 
zero phonon component located at about 4618$ whereas the 
lower energy s e r i e s S Q was noticeably weaker. I t s zero 
order component S Q lay at 4632$, i . e . i n much the same 
p o s i t i o n as the s e r i e s observed i n samples grown with selenium 
r e s e r v o i r s . The shapes of the s p e c t r a l components suggest 
i 
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th a t both these s e r i e s are a s s o c i a t e d with donor-acceptor 
d i s t a n t p a i r recombination. 
Two 1^ l i n e s were observed i n the emission spectra 
of most of the c r y s t a l s grown with z i n c r e s e r v o i r s , for 
example i n c r y s t a l s Nos. 114, 120 and 121. The energy 
d i f f e r e n c e between the longest and s h o r t e s t wavelength 1^ 
l i n e s was about 6 meV, which corresponds to a d i f f e r e n c e of 
acceptor depth o f ~ 6 0 meV according to the Halsted and Aven 
(16) r e l a t i o n between the exciton d i s s o c i a t i o n energy and 
i o n i z a t i o n energy of the acceptor. This w i l l be discussed 
i n Section 4.6. C r y s t a l s with two 1^ l i n e s would be 
expected to show two s e r i e s of phonon-assisted edge emission 
bands. I n f a c t , a l l c r y s t a l s grown with z i n c r e s e r v o i r s 
had two such s e r i e s with zero phonon components which are 
l a b e l l e d S_ and S". This i n d i c a t e s the existence of two o o 
acceptors with i o n i z a t i o n energies of 0.122 and 0.112 eV. 
These values have been c a l c u l a t e d from the measured pos i t i o n s 
of N (4600$) and N" (4585A5) . o o 
The emission s p e c t r a of sample 105 were measured 
at d i f f e r e n t e x c i t a t i o n i n t e n s i t i e s and the r e s u l t s are 
shown i n Figure 4.10. Generally both the bound exciton and 
the edge emission s e r i e s s h i f t e d to higher energies with 
i n c r e a s i n g i n t e n s i t y of e x c i t a t i o n . The s h i f t was by about 
per order of magnitude f o r the bound excitons,, whereas 
a much l a r g e r s h i f t of about 10S was observed with the zero 
order components of both edge emission s e r i e s . The s h i f t 
was more apparent at the lowest e x c i t a t i o n i n t e n s i t i e s and 
the bands ev e n t u a l l y overlapped, leaving a broad peak. 
Energy (eV ) 
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Figure 4-10 The emission spectra of the ZnSe crystal No. 105 recorded 
at 10° K for various levels of U.V. excitation. 
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Consider the zero phonon component of a d i s t a n t 
p a i r s e r i e s . The recombination then takes place at d i s t a n t 
p a i r s and the energy E g„ of the zero phonon component of the 
LES i s given by, 
ES» = EG " ( EA + V + E C ( 4 ) 
where Eg, E A and E^ are the band gap, acceptor and donor 
energies r e s p e c t i v e l y . E „ i s the Coulombic term appropriate 
e 2 
to a donor acceptor separation r , so that E c = I f the 
d i e l e c t r i c constant i s taken afe 8.66 (17), r = 1.65/E^, 
where r I s i n 8 and E c i n eV. The problem i s to determine 
r . I t was observed t h a t the LES s h i f t e d by about 5.8 meV 
to lower energy per order of magnitude decrease i n the 
e x c i t a t i o n i n t e n s i t y . Any change i n E s„, dEg„, must be due 
to a change dE^, i n E c because E Q , and E Q remain constant 
under d i f f e r e n t i n t e n s i t i e s of e x c i t a t i o n . Thus 
2 
dE s„=dE c=l.65 d r / r . I n s e r t i n g the observed value of dEg„ 
2 -3 o 
we f i n d dr—3.4 r 10 A, where dr represents the change i n 
the mean separation of the donor acceptor p a i r s through which 
the recombination i s proceeding, when the e x c i t a t i o n i n t e n s i t y 
i s changed by one order of magnitude. I f r ^ dr * 1.3A. 
Such 5 a small change i n r could not encompass a s u f f i c i e n t 
number of donor and acceptors to account for the s h i f t i n 
the emission band. I f r ^ lOOoS, dr *v 340o£, which would 
imply t h a t the luminescence i n t e n s i t y should saturate with 
i n c r e a s i n g e x c i t a t i o n i n t e n s i t y . This i s not observed. I t 
follows therefore that r w i l l be of the order of lis£ when 
dr * 54$, an estimate which i s i n agreement with l i d a ' s (4) 
conclusion. With t h i s value for r, a value of E c of 0.014 eV 
was used i n equation (4) as a c o r r e c t i o n for the Coulombic 
Energy (eV ) -—> 
1 2.?39 , 2431 . 2.530 , 2.638 < 2.755 ffiQ 
/ ^ \ h A '1 
1,-1.0 
u 
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Figure 4.11 The emissbn spectra of the ZnSe crystal No. 120 
recorded w i th increasing temperature f rom 10° K 
to 78 ° K . 
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i n t e r a c t i o n . Combining the observations on four d i f f e r e n t 
c r y s t a l s grown with z i n c r e s e r v o i r s leads to a corrected 
value of the donor binding energy of E^ = 0.034 eV. This 
i s to be compared with I i d a ' s value of E D = 0.026 eV. 
S i m i l a r c a l c u l a t i o n s have been made on the second (S ) zero 
o 
phonon component, which was observed as a small shoulder at 
4602^ at 54 K, I f i t i s assumed that there i s no s p e c t r a l 
s h i f t and S Q a l s o occurs at 4602^ at 77 K, then by using 
the above Coulombic c o r r e c t i o n with an acceptor i o n i z a t i o n 
energy of 0.123 eV i n equation (4), the donor binding energy 
i s found to be 0.031 eV. 
The conventional s p e c t r a obtained under continuous 
e x c i t a t i o n could a l l be analysed in a s i m i l a r way to provide 
a measure of the binding energies of the donors and 
acceptors involved i n the LES. However, the uncertainty 
i n the magnitude of the Coulombic i n t e r a c t i o n term leads 
to s u b s t a n t i a l e r r o r i n the donor i o n i z a t i o n energies. Time 
revolved spectroscopy i s undoubtedly the best method of 
determining a c c u r a t e l y any d i f f e r e n c e s i n the donor l e v e l or 
l e v e l s r e s p o n s i b l e f o r the edge emission i n ZnSe. 
F i n a l l y the emission spectra of sample 120 were 
recorded between 10 and 77 K, see Figure 4.11, i n an attempt 
to i n v e s t i g a t e whether or not the 1^, and bound 
exc i t o n l i n e s were of the same o r i g i n and a l s o to produce 
the free—to-bound HES bands which should r e s u l t from the 
LES bands on i o n i s i n g the donors. I t i s c l e a r from the 
f i g u r e t h at the bound exciton l i n e s gradually decreased i n 
i n t e n s i t y as the temperature was increased and above MO K 
a l l bound exciton l i n e s had disappeared. The i n t e n s i t y of 
the S Q s e r i e s f a l l s e x ponentially with decreasing temperature 
1000 g o loo g0 4,o 30 
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Figure 4.12 The temperature dependence of the intensities of the % and 
1^ zero phonon components f rom the crystals grown 
with selenium r e s e r v o i r s . 
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which w i l l be d i s c u s s e d i n Section 4.4. Above about 50 K, 
and S Q disappear, new emission bands appear at about 
4S85 and 4602.8, and with i n c r e a s i n g temperature the 
zero phonon band (4585$) and i t s three r e p l i c a s (4645,4700 and 
4757A5) dominate the spectrum. The second s e r i e s disappears 
i n t o the broad band a t 65 K. These new l i n e s are the HES 
corresponding to f r e e electron-bound hole recombination, 
with acceptor l e v e l s a t approximately 112 and 122 meV above 
the valence band. 
4.4 V a r i a t i o n with Temperature 
4.4.1 C r y s t a l s grown with Se r e s e r v o i r s 
The v a r i a t i o n s of the HES and LES with temperature 
as I l l u s t r a t e d by the v a r i a t i o n s i n the i n t e n s i t i e s of 
t h e i r zero phonon components N Q and S Q are shown i n Figure 4.12, 
I t can be seen t h a t the i n t e n s i t y of the .zero phonon com-
ponent ( S Q ) of the LES emission decreased slowly with 
i n c r e a s i n g temperature u n t i l at about 45 K i t began to 
quench r a p i d l y . This behaviour i s taken to i n d i c a t e that 
the donors a s s o c i a t e d with the LES bound to bound recomblna~ 
t i p n begin to be io n i z e d at about 45 K, so that the LES 
decreases while the HES i n c r e a s e s as the temperature i s 
r a i s e d above 45 K. Th i s i s a l s o implied by the r e s u l t s 
shown i n Figure 4.13 for c r y s t a l s grown with z i n c r e s e r v o i r s . 
With i n c r e a s i n g temperature between 45 and 88 K the free to 
bound recombination of the HES dominates, The I n t e n s i t y 
of HES reaches a maximum at about 58 K, then decreases. 
The temperature at which the emission begins to be quenched 
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i s approximately the same f o r a l l the .undoped c r y s t a l s . 
The process i s presumably a s s o c i a t e d with the i n c r e a s i n g 
i o n i z a t i o n of the acceptors. However, the LES emission 
could s t i l l be observed a t these temperatures which suggests 
that the l i f e time of the emission must be comparable to 
the escape time of an e l e c t r o n i n a donor l e v e l . 
S i m i l a r quenching of the and S^ zero phonon 
components was a l s o observed. However the quenching curves 
for the zero phonon components were s l i g h t l y d i s p l a c e d 
to lower temperatures compared with N Q and y i e l d e d an 
a c t i v a t i o n energy of MX 089 eV. The a c t i v a t i o n energy 
for the quenching b f t h e N Q band was M3.1Q6 eV. The two 
d i f f e r e n t a c t i v a t i o n energies f o r the quenching of the 
and K Q zero phonon components agree reasonably with the 
d i f f e r e n t acceptor i o n i z a t i o n energies of 0.094 and 0.122 eV, 
pr e v i o u s l y deduced. The i n t e n s i t i e s of both the S and S f 
o o 
bands f e l l r a p i d l y from about 45 K with an a c t i v a t i o n 
energy of MD.018 eV. This i s of the same order as the 
i o n i z a t i o n energy f o r the donor, which i s approximately the 
same for a l l undoped c r y s t a l s . 
Consider the r e l a t i v e i n t e n s i t i e s of the S and N 
o o 
bands i n a spectrum which d i s p l a y s both s e r i e s (at a 
temperature of 58 K for example). I f thermal eq u i l i b r i u m 
i s assumed to determine the population of the donor s t a t e s 
the r a t i o of the i n t e n s i t i e s of the two s e r i e s i s given by, 
(1 8 ) , 
W ^ L E S = A e X P (- A £ / k T ) <5) 
where AE i s the i o n i z a t i o n energy of the donors, and A 
involves the r a t i o of t r a n s i t i o n p r o b a b i l i t i e s which i s 
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Figure A. 13 The temperature dependence of the intensities of the % pair 
and HES emission ; f rom the flow r u n and with zinc vapour 
grown ZnSe crystals 
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estimated t h e o r e t i c a l l y to be about 10 „ Using equation (5) 
the binding energy AE was found to be 0.018 eV, which compares 
very favourably with the spacing of 0,0175 eV between the S Q 
and N 0 zero phonon components i n c r y s t a l 172. 
4.4o2 Flow c r y s t a l s , and cry^stals ^ grown with Zn regeryoirs 
The i n t e n s i t i e s of the components of the emission 
of the flow run c r y s t a l s and of those grown with z i n c 
r e s e r v o i r s are p l o t t e d against temperature i n Figure 4.13. 
The v a r i a t i o n s of the i n t e n s i t i e s of the zero phonon com-
ponents of the HES and LES emissions are s i m i l a r to those 
observed with c r y s t a l s grown with selenium r e s e r v o i r s . 
The v a r i a t i o n i n i n t e n s i t y of the 1^ exclton emission i s 
a l s o shown i n Figure 4.13. 
Examination of the curves i n Figure 4.13 for 
c r y s t a l No.121 r e v e a l s that the LES emission shows that 
two quenching processes are operative and these begin at 
about 25 and 60 K. The f i r s t quenching point occurs i n . 
the range where the a s s o c i a t e d HES begins to be observed, 
whereas the second quenching point coincides with the onset 
of quenching i n the HES emission. The l a t t e r process i s 
c e r t a i n l y a s s o c i a t e d with acceptor I o n i z a t i o n . 
Thermal quenching can be described by the r e l a t i o n 
I ^ E = + A exp (~E A C/kT)J 
where E A C i s the a c t i v a t i o n energy for quenching. Values 
of E ^ c of 0.0083 eV f o r the quenching of the 1^ l i n e and 
j 0.018 eV for the LES emission have been obtained. Once again 
| a value of the donor binding energy of 0.018 eV i s found 
i and 0.0083 eV i s the binding energy of 1^. This l a t t e r i s 
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a much lower value than that c a l c u l a t e d previously from the 
displacement of the 1^ l i n e from the band gap. The i n t e n s i t y 
of the S£ zero phonon l i n e decreases r a p i d l y with temperature 
above ^78 K at the same r a t e as N£. The a c t i v a t i o n energy 
involved was approximately 0.094 eV. This agrees reasonably 
w e l l with the i o n i z a t i o n energy of the acceptor a s s o c i a t e d 
with the SJ s e r i e s ( i . e . 0.112 eV). 
When the quenching curves of flow-run c r y s t a l s 
(S QN o) are compared with those of c r y s t a l s grown with z i n c 
r e s e r v o i r s (S"N") see Figure the S and S" bands are o o o o 
seen to be quenched at approximately the same temperature, 
but the N_ band i s quenched at a s l i g h t l y higher temperature 
than the N£ band, and has an a c t i v a t i o n energy of ^0.106 eV 
a t temperatures above ^88 K. T h i s i s once again i n reasonable 
agreement with the acceptor i o n i z a t i o n energy of 0,122 eV 
determined from the s p e c t r a l p o s i t i o n of the N Q zero phonon 
component. 
4.5 V a r i a t i o n with i n t e n s i t y of e x c i t a t i o n 
The v a r i a t i o n s of the i n t e n s i t i e s of the various 
emission components at 10 K with e x c i t a t i o n i n t e n s i t y 
(A = 365o8) are shown i n Figures 4.14a and 4.14b. The s t r a i g h t 
l i n e s obtained from the double logarithmic p l o t s show that 
there i s a power law r e l a t i o n s h i p between the emission and 
e x c i t a t i o n i n t e n s i t i e s . The slopes of the l i n e s give values 
of n, the i n t e n s i t y dependence index. The value of n, for 
the S Q zero phonon components of the flow run c r y s t a l was 
1.05 ± 0.01, and t y p i c a l l y 0.80 ± 0.01 f o r the c r y s t a l s grown 
i n an excess selenium pressure (crystals No. 171, 172 and 173). 
TABLE 4.5 
Average of a l l undoped cr y s t a l s zero phonon 
components and values of donor and acceptor 
binding energies 
Lines Wavelength Energy Energy of assignments 
(8) (eV) 
S 4630 2.67799 E * 0.032 eV o D 
N 4600 2.69546 E, = 0.122 eV o A 
S' 4580 2.70723 & = 0.031 eV o D 
N' 4555 2.72208 E « 0.095 eV o A 
S" 4618 2.68496 E„ - 0.034 eV o D 
N" 4585 2.70427 E, = 0.112 eV o A 
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With the exception of c r y s t a l 114, the mean value n, for the 
S£ zero phonon components of the c r y s t a l s grown under zinc 
vapour pressure was 0.48 ±0.02. 
The dependence of the i n t e n s i t y of the 1^ l i n e on 
e x c i t a t i o n was approximately the same for a l l undoped c r y s t a l s 
with an i n t e n s i t y dependence index of 1.11 ± 0.02. 
4.6 Summary and d i s c u s s i o n 
The r e s u l t s described so f a r i n t h i s chapter appear 
to i n d i c a t e t h at there are at l e a s t three d i s t i n c t p a i r s of 
edge emission s e r i e s . The low energy components of these 
p a i r s are revealed at 10 K and have been l a b e l l e d S , S' and 
o o 
S£. At 65 K the donors are thermally i o n i s e d and the high 
energy partners N Q, and N£ are then observed. Averaged 
over a l l undoped samples studied the wavelengths of various 
zero phonon l i n e s are as shown i n table 4.5. 
The c r y s t a l s grown with selenium i n the r e s e r v o i r s were 
a l l very s i m i l a r and displayed the S N and S'N' s e r i e s . The 
c J o o o o 
S o N o P a i r o f s e r i e s was dominant i n the samples grown i n the 
higher pressures of selenium so that i t seems to be reasonable 
to conclude that t h i s p a i r i s enhanced with i n c r e a s i n g selenium 
pressure. This i s a l s o supported by the observation that these 
two coupled s e r i e s disappeared when the c r y s t a l s grown i n 
selenium vapour were annealed i n z i n c . The acceptor involved 
which has an i o n i z a t i o n energy of 0.095 eV i s therefore 
introduced i n the presence of excess selenium and removed by 
heating i n z i n c . 
From the evidence obtained from the c r y s t a l s grown 
i n selenium, f i r s t impressions would suggest that the longer 
wavelength coupled p a i r S QN 0 was enhanced considerably by 
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heating i n z i n c . However i t was noted that the s e r i e s a l s o 
appeared to s h i f t to s h o r t e r wavelengths with prolonged 
annealing i n z i n c . 
The s t u d i e s on the c r y s t a l s grown i n z i n c vapour 
show t h a t such samples contained the S N and S"N" p a i r s of 
o o o o 
s e r i e s , but now the S£ and N£ paired components were dominant. 
The S£ zero phonon l i n e appeared at 46188 while the weaker 
S_ band was observed at 46 308. The conclusion would appear 
to be that the S£N£ p a i r i s dominant i n c r y s t a l s grown i n 
z i n c vapour and i t could w e l l be that the apparent s h i f t i n 
the p o s i t i o n of the S Q band observed i n the c r y s t a l s grown 
i n selenium a f t e r annealing i n zinc was due to the appearance 
of the S£N£ p a i r of s e r i e s following such treatment. 
A u s e f u l working hypothesis therefore i s that there 
are three p o s s i b l e acceptors i n undoped z i n c selenide with 
i o n i z a t i o n energies of 0.095, 0.112 and 0.122 eV. The 
acceptors with a c t i v a t i o n energies of 0.112 eV are enhanced 
by heating c r y s t a l s i n z i n c or by growing c r y s t a l s i n excess 
z i n c . They do not appear i n c r y s t a l s grown i n selenium. 
In c o n t r a s t the acceptor with an i o n i z a t i o n energy of 0.095 eV 
does not appear i n the presence of excess z i n c but i s 
enhanced by excess selenium. The deepest acceptor appears 
i n both types of c r y s t a l s but tends to disappear with 
excesses of e i t h e r z i n c or selenium. 
The donor binding energies were determined by 
adding the Coulombic energy c o r r e c t i o n to the measured 
values obtained from the zero phonon components of the 
three low energy s e r i e s . The r e s u l t s show a v a r i a t i o n from 
0.031 to 0.034 eV. The lowest donor energies were found i n 
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c r y s t a l s grown with excess selenium and flow run c r y s t a l s , 
while the highest were observed i n c r y s t a l s grown with 
excess z i n c . However the very small d i f f e r e n c e (3 meV) 
i n the donor binding energies suggests that one donor l e v e l 
only i s involved i n a l l these c r y s t a l s and that i t i s 
s i t u a t e d about 0.032 eV below the conduction band. 
Before l e a v i n g the t o p i c of donor and acceptor 
i o n i z a t i o n energies i t should be remarked that the thermal 
quenching of both the S and N s e r i e s at temperatures 
exceeding 65 K i s c o n s i s t e n t with acceptors with an i o n i z a -
t i o n energy of about 0.1 eV being involved. Thermal 
quenching of the S s e r i e s a l s o takes place at temperatures 
above 25 K when the a c t i y a t i o n energy i s 0.018 eV. This 
i s of the order of the e f f e c t i v e donor depth as modified 
by the Coulombic i n t e r a c t i o n . 
The bound exciton l i n e s were only observed i n the 
samples grown i n excess z i n c . S p l i t 1^ l i n e s were detected 
with the stronger 1^ component at 446 42 and the weaker 
I | a t 44748. Th i s suggests that the acceptor associated 
with 1^ i s t h a t with an i o n i z a t i o n energy of 0.112 eV, 
while 1^ i s perhaps a s s o c i a t e d with the acceptor with 
E A = 0.122 eV. However according to Halsted and Aven (16) 
a r u l e f o r excitons bound to n e u t r a l acceptors i n I I - V 1 
compounds i s that Eg+^/E^O. 1 where E Q + _ i s the d i s s o c i a t i o n 
energy of the e x c i t o n . The two bound excitons observed 
have d i s o c c i a t i o n energies of 0.0239 eV (1^) and 0.0302 eV 
( I | ) (which were c a l c u l a t e d from the energy d i f f e r e n c e s 
between the observed bound exciton emissions and the previously 
reported value of 2.8015 eV for the fre e exciton emission 
(7,14)), so that the appropriate r a t i o s are 0.213 and 0.248 
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which are s u b s t a n t i a l l y l a r g e r than 0.1. I f the Halsted 
and Aven r u l e i s v a l i d the two 1^ l i n e s should be associated 
with acceptors with i o n i z a t i o n energies of 0.239 and 0.302 eV 
r e s p e c t i v e l y . Free e l e c t r o n t r a n s i t i o n s to such acceptors 
would produce emission bands at 4806 and 4927A\ I t i s 
i n t e r e s t i n g to note that a band at 4830A* containing phonon 
s t r u c t u r e , i . e . at 4800 ( S 3 ) , 4860 ( S 4 ) and 4920 (Sg) was 
found i n c r y s t a l s grown i n z i n c vapour whereas t h i s was 
absent i n samples grown i n excess selenium. 
I t seems probable however that the d i s s o c i a t i o n 
energies of the exciton complexes given above are 
e x c e s s i v e l y l a r g e . Thermal quenching of the 1^ l i n e takes 
place with an a c t i v a t i o n energy of 0.0083 eV, so that 
Halsted and Aven's r u l e would then i n d i c a t e an acceptor 
i o n i z a t i o n energy of 0.083 eV, which agrees quite w e l l 
with experiment. I f t h i s i n t e r p r e t a t i o n i s c o r r e c t then the 
value of the fre e exciton energy would have to be 2.785 eV 
and not 2.8015 eV. 
A p r i o r i i t i s d i f f i c u l t to decide whether the flow 
c r y s t a l s should resemble samples grown i n excess z i n c or 
selenium. The general shapes of the spe c t r a suggest that 
the flow c r y s t a l s grow: i n an atmosphere s i m i l a r to that 
of c r y s t a l s grown with selenium r e s e r v o i r s . The absence 
of the S£N£ p a i r of s e r i e s a l s o supports t h i s view, but 
i t i s then d i f f i c u l t to account for the appearance of the 
1^ l i n e i n the emission of the flow c r y s t a l . I t i s perhaps 
s i g n i f i c a n t however that the flow c r y s t a l s e x h i b i t a broad 
band emission at 536oS. 
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One feature i s quite c l e a r , namely that c r y s t a l s 
grown under the P m i n condition with selenium i n the 
r e s e r v o i r are quite d i f f e r e n t from c r y s t a l s grown under 
Pmin c o n d i t i o n s with z i n c i n the r e s e r v o i r . Since these 
l a t t e r are most s i m i l a r to c r y s t a l s annealed i n l i q u i d z i n c 
i t seems reasonable to assume that z i n c r e s e r v o i r s lead to 
the incorporation of excess z i n c whereas the selenium 
r e s e r v o i r s lead to the incorporation of excess selenium. 
Since c r y s t a l growth i s a dynamic process and s i n c e the 
r e s e r v o i r communicates with the growth capsule v i a a 
narrow o r i f i c e i t i s perhaps not s u r p r i s i n g that the 
ambient atmosphere over the growing c r y s t a l s i s not r e l a t e d 
i n any simple manner to the pressure i n the r e s e r v o i r . 
Returning b r i e f l y to the topic of the 3^ l i n e s i t 
i s perhaps worth recording the following f a c t s . I f i t can 
be assumed t h a t a hydrogenic model can be used to describe 
the energy l e v e l s of the acceptor responsible for the 
e x c i t o n , the energy of the photon which would be emitted 
when the 1^ exciton recombines but at the same time r a i s e s 
the trapped hole to i t s f i r s t e x c i t e d s t a t e with n = 2, 
would be 1^ - 0.75 E^. S u b s t i t u t i n g the values for 1^ and 
E A of 2.77758 and 0.112 eV, r e s p e c t i v e l y such a process i s 
found to have an energy of 2.69358 eV or 4603$. The n = 3 
e x c i t e d s t a t e would lead to a photon energy ( I , - 0.88 E_) 
2.67458 eV or 4632&. These two values are of course very 
s i m i l a r to the observed wavelengths of the N and S bands. 
o o 
S i m i l a r processes with an acceptor with E A = 0.098 eV would 
lead to bands at 4585 and 4606 which are c l o s e to the 
observed values of N" and S". 
o o 
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CHAPTER 5 
EDGE EMISSION,OF SUBSTITUTIONAL DONORS IN ZINC SELENIDE 
CRYSTALS 
5.1 Introduction 
The edge emission and s e l f - a c t i v a t e d emission of 
zin c s e l e n i d e c r y s t a l s doped with aluminium, gallium, indium 
and c h l o r i n e are described i n t h i s chapter. The dopant, i n 
s u i t a b l e form, was added to the charge of z i n c s e l e n i d e , and 
c r y s t a l s were grown from the vapour phase i n a continuous 
flow of argon. The doped flow run c r y s t a l s were then e i t h e r 
studied or used as the s t a r t i n g m a t e r i a l for the production 
of large boules by sublimation under excess z i n c pressure. 
Unless otherwise s p e c i f i e d , the doped flow run c r y s t a l s 
were grown at 1050°C while the boule c r y s t a l s were a l l grown 
with the upper furnace c o n t r o l s e t at 1155°C. 
The edge emission c h a r a c t e r i s t i c s of d e l i b e r a t e l y 
doped z i n c s e l e n i d e c r y s t a l s were e s s e n t i a l l y s i m i l a r i n 
broad o u t l i n e to those of undoped c r y s t a l s . There were 
changes i n i n d i v i d u a l components i n c e r t a i n cases. For 
example, aluminium doped flow run and gallium doped samples 
showed no edge emission at a l l , however some doped c r y s t a l s 
showed w e l l r e s o l v e d exciton emission and phonon a s s i s t e d 
bands, so that the absence of edge emission i n p a r t i c u l a r 
c r y s t a l s probably i n d i c a t e d poor c r y s t a l q u a l i t y . On the 
other hand the observed emission spectra of the doped 
c r y s t a l s were d i f f e r e n t i n d e t a i l from those of undoped 
c r y s t a l s grown under the same conditions. This i n d i c a t e s 
that the dopant was s u c c e s s f u l l y incorporated i n the c r y s t a l s 
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The emission c h a r a c t e r i s t i c s are described and 
discussed below i n separate sections dealing with the 
i n d i v i d u a l dopants. In order to f a c i l i t a t e the presenta-
t i o n of r e s u l t s , the c r y s t a l s w i l l be r e f e r r e d to as (X, Y) 
and (X, flow-run), where X i n d i c a t e s the dopant element, 
Y the element providing the excess pressure during the growth, 
while (X, Flow-run) r e f e r s to the c r y s t a l or c r y s t a l s grown 
i n a continuous flow of argon with dopant X added. 
5.2 Aluminium doped c r y s t a l s 
Two aluminium doped c r y s t a l s were studied, one 
(Al, flow-run) sample, and a (Al, Zn) one grown under P . 
nun 
c o n d i t i o n s . I t was hoped that these growth conditions would 
allow the aluminium to s u b s t i t u t e for z i n c and form a donor. 
The emission s p e c t r a of these two types of c r y s t a l were 
d i f f e r e n t from one another. The (Al, flow-run) c r y s t a l s 
emitted two broad bands only at about 5400 and 6100$ at 65 K. 
These broad bands which were of weak and medium i n t e n s i t y 
i n c r e a s e d by about two orders of magnitude as the temperature 
was reduced to 10 K. At the same time the 5400$ band s h i f t e d 
by about 30$ to longer wavelengths. No d i s c r e t e p a i r l i n e s 
or phonon a s s i s t e d emission was detected at e i t h e r 
temperatures. 
The emission s p e c t r a of the (Al, Zn) doped c r y s t a l 
No.149 c o n s i s t s of two broad bands and edge emission com-
ponents at 65 K, which are shown i n Figure 5.1 with dotted 
l i n e s . The two broad bands at about 5430 and 6180$ are the 
s e l f - a c t i v a t e d green and red emissions of these c r y s t a l s . 
The peaks at about 4585, 4610, 4639, 4665 and 4694$ belong 
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to two LO phonon a s s i s t e d s e r i e s . The bands at 4585, 4639 
and 4694$ are a t t r i b u t e d to the HES while those at 4610, 
o 
4665A are the corresponding LES components. The value of 
4585$ for the wavelength of the zero phonon component of 
the HES leads to a value of 0.112 eV for the separation of 
the acceptor l e v e l from the valence band. This acceptor 
i s i d e n t i c a l with that observed i n the undoped c r y s t a l s 
No.120 and 121 grown with z i n c r e s e r v o i r s . 
A bound exciton was a l s o observed at 10 K i n the 
(Al, Zn) samples. The wavelengths, energies and the 
p o s s i b l e assignments of the various s p e c t r a l features are 
l i s t e d i n Table 5.1 and the emission spectrum i s shown in 
Figure 5.1 ( s o l i d c u r v e ) . In the bound exciton region the 
small shoulder appearing i n the high energy region at about 
4440$ i s a t t r i b u t e d to the exciton bound to a n e u t r a l donor 
( I 2 l i n e ) while the three sharp l i n e s at 4460, 4510 and 4561$ 
with h a l f widths of about 22$ are a t t r i b u t e d to the exciton 
bound to a n e u t r a l acceptor with two LO phonon r e p l i c a s , 
i . e . 1^, I^-1L0 and 1^-21^0. These bound exciton l i n e s have 
i d e n t i c a l wavelengths to those observed i n the undoped 
c r y s t a l s No.120 and 121 (see Chapter 4, Section 3 ) . How-
ever the i n t e n s i t i e s and h a l f widths of the exciton emission 
were higher than those of the exciton l i n e s i n the undoped 
c r y s t a l s , and with the (Al, Zn) samples no s p l i t t i n g of the 
exciton emission occurs. 
The 1^ emission formed the l a r g e s t component of the 
luminescence at 10 K, although the L E S appeared with medium 
i n t e n s i t y with the zero phonon band and throe weak r e p l i c a s 
at 4608, 4663, 4719 and 4777$. These bands s h i f t e d by about 
TABLE 5.1 
The p o s i t i o n of the emission maxima of the (A l , Zn) 
doped c r y s t a l No.149. 
Observed spectrum a t 10 K Observed spectrum a t 65 K 
L i n e s Wave-leng t h 
( 8 ) 
Energy 
(eV) 
Strength P o s s i b l e assignment L i n e s 
Wave-
length 
(8 ) 
Energy 
(eV) 
P o s s i b l e 
assignment 
4440 2 f79259 Shoulder ( I ^ ) e x c i t o n 
bound to 
n e u t r a l donor 
h 4460 2.78007 Strong E x c i t o n bound to 
n e u t r a l 
acceptor(1^) 
Vl 
4510 2.74924 Strong I ^ - I L O 
J l 4561 2.71850 Strong I 1 ~ 2 L 0 N" o 4585 2.70427 HES of zero phonon 
S" o 
S» 
S 2 
s» 
4608 
4663 
4719 
4777 
5460 
6230 
2.69078 
2.65904 
2.62748 
2.59558 
2.27090 
1.99025 
Strong 
Medium 
Medium 
Weak 
Strong 
Weak 
Zero-phonon 
One phonon 
Two phonon 
Three 
phonon 
S e l f -
a c t i v a t e d 
Emission 
S" o 
N l 
S» 
N 2 
4610 
4639 
4665 
4694 
5430 
2.68961 
2.67280 
2.65790 
2.64148 
2.28344 
LES of zero 
phonon 
HES of one 
phonon 
LES of one 
phonon 
HES of two 
phonon 
S e l f -
a c t i v a t e d 
emission 
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log towards longer wavelengths when the e x c i t a t i o n i n t e n s i t y 
was reduced by one order of magnitude. This e f f e c t i s 
c l e a r l y shown i n Figure 5.2. The process i s once again 
a t t r i b u t a b l e to the recombination of donor acceptor p a i r s . 
In comparison with the undoped c r y s t a l s No.120 and 121, the 
zero phonon component occurred at an energy some 4 meV 
l a r g e r than S£ i n the undoped c r y s t a l s , so that i f the 
46083 zero phonon band i s a s s o c i a t e d with a t r a n s i t i o n of 
e l e c t r o n s from aluminium donors to acceptors the i o n i z a t i o n 
energy of the aluminium donor w i l l be 27 meV. This i s i n 
good agreement with the donor binding energy of 26.3±0.6 meV 
for aluminium doped ZnSe reported by Merz et a l . ( 1 ) . 
The r e l a t i v e i n t e n s i t i e s of 1^, and i t s phonon 
r e p l i c a s , change as the e x c i t a t i o n i n t e n s i t y i s v a r i e d . 
Thus at the highest i n t e n s i t i e s of e x c i t a t i o n the 1^ emission 
l i n e i s most intense, but at 15% e x c i t a t i o n the f i r s t phonon 
r e p l i c a i s the most intense, and at the weakest l e v e l of 
e x c i t a t i o n t h i s i s tl>e only feature which can be observed. 
This c l e a r l y i n d i c a t e s t h at c a r e f u l consideration must be 
given to the i n t e n s i t y of e x c i t a t i o n used when i n t e r p r e t i n g 
s p e c t r a . With many of the undoped samples described i n the 
previous chapter a s i n g l e e x c i t o n - l i k e l i n e was observed at 
o 
about 4515A. This information obtained from the present 
c r y s t a l strongly suggests that t h i s l i n e i s I^-lLO. 
The v a r i a t i o n of the r e l a t i v e i n t e n s i t i e s of the 1^ 
l i n e and i t s r e p l i c a s with decreasing e x c i t a t i o n i n t e n s i t y 
i s caused by i n c r e a s i n g phonon coupling. This may be assoc-
i a t e d with the f a c t that the weaker e x c i t a t i o n w i l l be 
absorbed i n the surface region only. 
P 
slit 0.64 mm,1007e excitation, 
slit 0.84 mm, 507o excitation, 
slit 1.02 mm, 30% excitation, 
slit 1.64 mm, 15% excitation, 
slit 2.40 mm, 10% excitation, 
slit 3.02 mm, 5% excitation, 
slit 3.2 mm, 3% excitation. 
• slit 3.2 mm, 1 % excitation 
I r 2 L 0 
01.0 (S* ) 
110 
3L0(S?) 
Mi V^r-\ r> :.. VMV u v - ' v -
Iff t 
• / 
4300 4400 4500 4600 
Wavelength (& ) — 
4700 4800 4970 
Figure 5.2 Bound exciton and L0 phonon assisted emission spectra of 
(Al, Zn) doped ZnSe crystal No 149, were recorded with 
various intensities of the exciting U.V. radiation at 10°K. 
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The s e l f - a c t i v a t e d emission bands were located at 
approximately 5460 and 62 30# with h a l f widths of about 320 
and 39oK at 10 K. The i n t e n s i t y of the green emission was 
higher than t h a t of the red and s h i f t e d by about 30A to-
wards longer wavelengths with decreasing temperature. At 
the same time the h a l f widths decreased by about 3oR. Unfor-
t u n a t e l y , the s h i f t of the maximum and the v a r i a t i o n of the 
h a l f width of the red band could not be measured p a r t i c u l a r l y 
w e l l because of the low i n t e n s i t y . The band i s shown by the 
dotted curve i n Figure 5.1 which was obtained using a large 
s l i t (3,2 mm). The observed v a r i a t i o n s of the h a l f widths 
with temperature suggest that s e v e r a l sub-bands may be 
involved i n both the green and red bands. The s h i f t to 
higher energies with i n c r e a s i n g temperature may be evidence 
of a donor acceptor p a i r model with r e d i s t r i b u t i o n of trapped 
e l e c t r o n s . The luminescence centre responsible for the red 
emission,may c o n s i s t of an a s s o c i a t i o n at nearest neighbour 
s i t e s of an ioniz e d z i n c vacancy (acceptor) and an ionized 
A l Z n impurity donor. A s i m i l a r explanation for the red 
(at 6400&) emission i n ZnSe:Al c r y s t a l s at 80 K has been 
off e r e d by Holton et a l . ( 2 ) . The di f f e r e n c e between the 
p o s i t i o n of the red band reported here and the previously 
reported value of 6400°v emission may be a consequence of the 
very low concentration of A l i n our c r y s t a l s . T his i s 
supported by Aven and Halsted (3) who found that Al d i f f u s e s 
very slowly i n ZnSe, probably because of a s s o c i a t i o n between 
the charged Al donors and the negatively charged i n t r i n s i c 
acceptors. A l t e r n a t i v e l y the c r y s t a l s used by Holton et a l . 
(2) may have been contaminated with copper (see Chapter 6 ) . 
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5.3 Gallium doped c r y s t a l s 
Two d i f f e r e n t c r y s t a l s doped with 1 0 0 0 ppm gallium 
were studied. Both were grown under an excess pressure of 
z i n c (Ga, Zn). I f gallium s u b s t i t u t e s for z i n c i t should 
ac t as a donor, but even under the highest e x c i t a t i o n i n t e n -
s i t y , no bound exciton or phonon a s s i s t e d p a i r emission was 
detected. T h i s may have been the r e s u l t of poor c r y s t a l 
q u a l i t y or more probably the doping l e v e l i n these samples 
may have been too high. A s i m i l a r e f f e c t has been reported 
r e c e n t l y with the bound exciton emission of Ga doped 
c r y s t a l s by Merz e t a l . ( 1 ) . They found that as the Ga con-
c e n t r a t i o n i n c r e a s e d the edge emission became broad and weak. 
Figure 5.3 shows the s e l f - a c t i v a t e d emission of 
both (Ga, Zn) doped c r y s t a l s at various temperatures. At 
room temperature ( 2 9 6 K) the emission c o n s i s t s of a s i n g l e 
broad band at 5 8 3 0 $ with a h a l f width of about 600A\ As 
the sample was cooled to 88 K, the h a l f width increased, and 
a shoulder appeared at approximately 5470A*. This shoulder 
dominated the spectrum with decreasing temperature and 
peaked a t 5490A* at 65 K. Unfortunately no measurements 
were made at l i q u i d helium temperature. I t i s believed 
that the yellow band at 5830A 5 i s c h a r a c t e r i s t i c of gallium 
and once again may c o n s i s t of a complex between a gallium 
donor and a c a t i o n vacancy. 
5.4 Indium doped c r y s t a l s 
Four indium doped c r y s t a l s were studied, two were, 
flow-run samples which had been grown with d i f f e r e n t con-
c e n t r a t i o n s of indium and the two others ( I n , 7<n) were 
grown under P . conditions from flow run c r y s t a l s 
crystal No139 
65 K,slitQ4mrTu 
10 K, slit0.2mm 
crystal No. 17 
65°K,slitQ7fl>A3 
slit OA 
f / 
1 i 
y ^crystal No.142 
/ 65°K, slit 0.3mm 
crystal No.19 
f65°l^sli^ :;.)jTTm 
6300 6160 ' 5900 5700 ' 5500 ' 5300 ' 5100 ' 4900 ' 4700 ' 4500 ' 4300 
-* Wavelength { \ ) 
Figure 5.4 Emission spectra of crystals containing two different 
concentrations of In at 65 and10°K. 
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containing d i f f e r e n t concentrations of indium. The 
c r y s t a l s with the lower concentration of I n were yellow 
Q 
i n colour, with a r e s i s t i v i t y of the order of 10 ohm cm. 
The c r y s t a l s with a higher concentration of In were yellow 
or y e l l o w i s h orange i n colour, with a r e s i s t i v i t y of the 
4 
order of 10 ohm cm. The d i f f e r e n t concentration of In 
was r e f l e c t e d i n the emission spectra of the various 
c r y s t a l s . The c r y s t a l s containing the higher concentration 
of I n ( I n , flow-run) and ( I n , Zn) c r y s t a l s 19 and 142 showed 
no edge emission at 88 and 65 K. Only a s i n g l e broad band 
was observed at about 5480 £ with a h a l f width of about 
630 £ (see Figure 5.4). This broad band had an extended 
t a i l on the longer wavelength side and a shoulder was 
observed at approximately 5900 A*. Unfortunately no measure-
ments were made at l i q u i d helium temperature. 
The edge emission s p e c t r a of the c r y s t a l s containing 
small q u a n t i t i e s of indium were very s i m i l a r to those of 
undoped c r y s t a l s , with the exception that the bound exciton 
emission was not observed. At 65 K, the spectrum of the 
( I n , flow-run) c r y s t a l No.17 consisted of the 4600 A zero 
phonon component while the ( I n , Zn) c r y s t a l No.139 spectrum 
o 
contained a d i f f e r e n t zero phonon component at about 4585 A. 
These two d i f f e r e n t HES zero phonon components and t h e i r 
accompanying s e r i e s were a l s o observed i n undoped c r y s t a l s 
and have been l a b e l l e d N and N" (see Chapter 4 ) . Ih 
o o 
addition to the HES, two small peaks were observed i n both 
c r y s t a l s which were obviously the corresponding low energy 
S a s s o c i a t e s . The emission spectra are shown i n Figure 5.4 
and t h e i r wavelengths and p o s s i b l e assignments are l i s t e d 
i n Table 5.2. The edge emission spectra of these c r y s t a l s 
TABLE 5.2 
The p o s i t i o n of the emission maxima of the ( I n , flow-run) 
and ( I n , Zn) doped c r y s t a l s a t 10 and 65 K. 
Observed spectrum a t 10 K Observed spectrum a t 65 K 
L i n e s Wave-length 
(8) 
Energy 
(eV) 
P o s s i b l e 
assignment 
._ _ ' 
L i n e s Wave-length Energy (eV) 
P o s s i b l e 
assignment 
( I n , flow-r •un) doped I c r y s t a l No.17 
S 
o 
4625 2.68089 Zero phonon N 
o 
4600 2.68379 Zero phonon 
4680 2.64938 One phonon S 
f\ 
4627 2.67973 LES of zero 
KJ phonon 
S 2 4737 2.61750 Two phonon N l 4674 2.65278 One phonon 
S 3 4794 2.58638 Three phonon N 2 4730 2.62137 Two phonon 
S 4 4852 2.55546 Four phonon N 3 4788 2.58962 Three phonon 
5490 2.25849 S e l f - a c t i v a t e d 5480 2.26261 S e l f - a c t i v a t e d 
5960 2.08039 emission band emission 
(In , Zn) doped c r y s t a l No.139 
S" 
0 
4610 2.68961 Zero phonon N" o 4585 2.70427 Zero phonon 
S" 4664 2.65847 One phonon S" 4614 2.68728 LES of zero 
X O phonon 
S 2 4719 2.62747 Two phonon N» 4638 2.67337 One phonon 
S» 4776 2.53613 Three phonon S I 4664 2.65847 LES of one phonon 
S 4 4834 2.56498 Four phonon N 2 4693 2.64204 Two phonon 
5500 2.25438 S e l f - a c t i v a t e d 
emission 
N 3 4750 
5480 
2.61034 
2.26261 
Three phonon 
S e l f - a c t i v a t e d 
emission 
- 118 -
e x h i b i t e d w e l l resolved phonon components and four 
r e p l i c a s at 10 K. The zero phonon components lay at 
about 4625 R for ( I n , flow-run) c r y s t a l and at 4610 A* 
for the ( I n , Zn) sample. These two zero phonon bands 
are c l o s e to those observed i n corresponding undoped 
c r y s t a l s which were l a b e l l e d S and S". J o o 
Acceptor binding energies of 0.122 and 0.112 eV 
were c a l c u l a t e d for these two indium-doped c r y s t a l s 
using the observed wavelengths of N q (4600) and N£ 
(4585 A5) r e s p e c t i v e l y . These acceptors are of course 
i d e n t i c a l with those observed i n the undoped c r y s t a l s 
grown i n the corresponding ways, i . e . c r y s t a l s Nos.120 
and 121. The s p e c t r a of samples Nos. 17 and 139 were 
measured at various e x c i t a t i o n i n t e n s i t i e s at 65 and 10 K. 
No s p e c t r a l s h i f t was observed at 65 K, but a s h i f t of 
o 
about 12 A was observed i n both the S q and components 
at 10 K. The r e s u l t s are shown in Figure 5.5. for the 
( I n , Zn) c r y s t a l No.139. The s h i f t s once again i n d i c a t e 
the presence of d i s t a n t p a i r t r a n s i t i o n s between indium 
donors and the same acceptors as i n the undoped samples. 
Using the estimated value of the Coulombic i n t e r a c t i o n 
and the measured displacements between the S and N and 
o o 
the S£ and N£ bands, the i o n i z a t i o n energy of the indium 
donor i s found to be 0.029 eV. This compares very w e l l 
with the value of 28.9 ± 0.6meV determined by Merz et a l (1) 
At 65 K a broad emission band was located at 5480 8 
i n the l i g h t l y doped samples. At 10 K t h i s broad band • 
had s h i f t e d s l i g h t l y to 5500 £ and a small shoulder 
appeared at approximately 5960 8 . This shoulder i s 
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Si 
slit0.16mm 100% excitation. 
slit 0.26 mm 50% excitation. 
. slit 0.28 mm 30% excitation. 
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Figure 5.5 The emission spectra of the ( In, Zn) crystal No.139, with 
o 
various intensties of excitation at 10 K. 
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presumably t h e c h a r a c t e r i s t i c band f o r I n s i n c e i t i s 
more apparent i n t h e h e a v i l y doped samples. The cor-
r e s p o n d i n g luminescent c e n t r e may c o n s i s t o f a complex 
o f an i n d i u m donor and a c a t i o n vacancy. 
5.5 C h l o r i n e doped c r y s t a l s 
The emission p r o p e r t i e s of c h l o r i n e doped c r y s t a l s 
( C I , f l o w - r u n ) and ( C I , Zn) were s t u d i e d under U.V. 
e x c i t a t i o n a t 65 and 10 K. The wavelengths and e n e r g i e s 
of t h e v a r i o u s s p e c t r a l f e a t u r e s are recorded i n Table 5.3. 
The edge emis s i o n o f the ( C I , f l o w - r u n ) c r y s t a l No.13 i s 
composed o f two phonon a s s i s t e d s e r i e s of bands a t 65 K 
w i t h zero phonon components a t 4557 and 4600 K. The 
e m i s s i o n s p e c t r a over a range of temperatures from 78 t o 
10 K are shown i n F i g u r e 5.6. The s e r i e s b e g i n n i n g a t 
4600 £ was dominant w i t h t h r e e w e l l r e s o l v e d r e p l i c a s 
s e p a r a t e d by 0.031 eV. The s e r i e s s t a r t i n g a t 4557 & 
i s much weaker and appears as shoulders on the h i g h energy 
s i d e o f t h e components o f the main s e r i e s . As the sample 
was c o o l e d t o 10 K, t h e bound e x c i t o n l i n e 1^ and t h e 
main LES e m i s s i o n dominated the s p e c t r a . The s i n g l e 
bound e x c i t o n l i n e a t 4440 A3 was v e r y s t r o n g w i t h a h a l f 
w i d t h of 15 S. T h i s i s c l o s e t o t h e medium i n t e n s i t y 
l i n e s observed a t 4447 and 4442 £ i n t h e undoped f l o w - r u n 
c r y s t a l s and sample No.105 grown i n excess z i n c . Com-
p a r i s o n o f the p r e v i o u s l y observed emission, w i t h 
t h i s l i n e shows t h a t t h e p r e s e n t l i n e i s s t r o n g e r and 
broader which i s a t t r i b u t a b l e t o t h e presence o f a h i g h 
c o n c e n t r a t i o n of c h l o r i n e . Such a s t r o n g and broad 
l i n e was observed by Merz e t a l . (1) i n t h e i r CI doped 
ZnSe c r y s t a l s . 
OLO (Si) 
OLO (S.) 
liO (S.) 
3 J l O ( S . ^ 
23 
°4300 4400 4560 4S0O 4?00 4900 
Wavelength ( i ) > 
Figure 5.6 Bound exciton and LO phonon assisted emission spectra 
of (CI, flow-run) crystal No. 13 at various temperatures. 
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A second s t r o n g and sharp e x c i t o n - l i k e band was 
a l s o observed a t 4526 8 w i t h a h a l f w i d t h o f about 18 A\ 
The o r i g i n o f t h i s band has been discussed e a r l i e r and 
th e c o r r e c t assignment i s I^-1L0. The two s t r o n g zero 
phonon components o f t h e edge emission were observed on 
th e l o n g wavelength s i d e of t h i s l i n e a t 4578 and 4628 $ 
w i t h h a l f w i d t h s of 25 and 35 & r e s p e c t i v e l y . These two 
zero phonon components are v e r y s i m i l a r t o those observed 
i n undoped f l o w - r u n c r y s t a l s and l a b e l l e d and S Q. 
Examination o f t h e emission s p e c t r a as a f u n c t i o n o f 
temperature ( F i g u r e 5.6) and of e x c i t a t i o n i n t e n s i t y 
( F i g u r e 5.7) once again i n d i c a t e s t h a t t h i s i d e n t i f i c a -
t i o n i s c o r r e c t . 
I n c o n t r a s t w i t h t he f l o w - r u n c r y s t a l s , t he ( C I , 
Zn) samples showed o n l y the h i g h and low energy 1ST and 
S£ s e r i e s , no bound e x c i t o n l i n e s were observed even a t 
4 K. The observed emission s p e c t r a are i l l u s t r a t e d i n 
F i g u r e 5.8 and t h e wavelengths and energies of the 
v a r i o u s f e a t u r e s are l i s t e d i n Table 5.3. The zero phonon 
component o f t h e HES was l o c a t e d a t 4585 R and no s h i f t 
was observed w i t h v a r i a t i o n o f e x c i t a t i o n i n t e n s i t y . The 
zero phonon component o f the LES was l o c a t e d a t 4605 8 
and an 8 8 s h i f t t o l o n g e r wavelength was observed w i t h 
d e c r e a s i n g i n t e n s i t y a t 10 K. Once again such a s h i f t 
i n d i c a t e s a p a i r band mechanism i n t h e re c o m b i n a t i o n . 
The acce p t o r i o n i z a t i o n energy was found t o be 0.112 eV, 
so t h a t t h e band a t 4605 $ which i s a s s o c i a t e d w i t h 
t r a n s i t i o n s o f e l e c t r o n s from c h l o r i n e donors t o these 
acceptors i m p l i e s t h a t t h e i o n i z a t i o n energy of the 
TABLE 5.3 
The position of the emission maxima of the (CI, flow-run) 
and (CI, Zn) doped crystals at 10 and 65 K. 
Observed spectrum at 10 K Observed spectrum at 65 K 
Lines Wave-length 
(8) 
Energy 
(eV) 
Possible 
assignment Lines 
Wave-
length 
(8) 
Energy 
(eV) 
Possible 
assignment 
(CI, flow-r un) doped crystal No.13 
4440 2.79259 Exciton bound 
to a neutral 
N' 
o 
4557 2.72089 Zero phonon 
donor ( I 2 ) N 
o 
4600 2.69546 Zero phonon 
K 
4526 2.73953 I -1L0 N l 4654 2.66418 One phonon 
S' 
o 
4578 2.70841 Zero phonon N2 4709 2.63306 Two phonon 
S 
o 
4628 2.67915 Zero phonon N3 4765 2.60212 Three phonon 
4682 2.64825 One phonon 5480 2.26261 Self-activated 
j. emission 
S2 4738 2.61695 Two phonon 
S3 4795 
5490 
5880 
2.58584 
2.25849 
2.10869 
Three phonon 
SeIf-activated 
emission 
(CI, Zn) doped crystal No.123 
S" o 4605 2.69253 Zero phonon N" o 4585 2.70427 Zero phonon 
s» 4659 2.66132 One phonon S" 
o 
4607 2.69136 LES of zero 
phonon 
S2 4715 2.62971 Two phonon N» 4637 2.67395 One phonon 
S3 4772 2.59830 Three phonon N2 4692 2.64260 Two phonon 
5490 2.25849 Self-activated 
emission 
5480 2.26261 Self-activated 
emission 
5890 2.10511 5870 2.11228 
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c h l o r i n e donor i s 0.027 eV. This donor b i n d i n g energy 
i s a l s o v e r y c l o s e t o t h e p r e v i o u s l y r e p o r t e d v a l u e o f 
26.9 ± 0.6 meV f o r t h e c h l o r i n e doped ZnSe c r y s t a l s 
observed by Merz e t a l . ( 1 ) . 
The ( C I , f l o w - r u n ) c r y s t a l s a l s o e m i t t e d a s i n g l e 
broad band a t 5480 £ w i t h a h a l f w i d t h o f about 520 £ a t 
65 K. A s m a l l s h o u l d e r was observed t o the lo n g e r wave-
l e n g t h s i d e o f t h i s band a t appro x i m a t e l y 5880 X a t 10 K. 
The ( C I , Zn) doped c r y s t a l s e x h i b i t e d two s e l f - a c t i v a t e d 
e mission bands which were l o c a t e d 5480 and 5870 8 a t 65 K. 
The y e l l o w e m i s s i o n a t 5870 A* was r a t h e r more i n t e n s e than 
t h e green. I t i s b e l i e v e d t h a t t he y e l l o w emission band. 
i s c h a r a c t e r i s t i c o f c h l o r i n e and once again may c o n s i s t 
o f a complex between a c h l o r i n e donor and anion vacancy. 
The y e l l o w s e l f - a c t i v a t e d emission o f ZnSe:Cl i s equiva-
l e n t t o t h e s e l f - a c t i v a t e d b l u e luminescence of ZnStCl ( 4 ) . 
5.6 L i t h i u m doped c r y s t a l s 
The e m i s s i o n p r o p e r t i e s of a ( L i , f l o w - r u n ) 
c r y s t a l have a l s o been s t u d i e d under U.V. e x c i t a t i o n a t 
65 and 10 K. The e f f e c t s o f a l k a l i m e t a l dopants i n ZnSe 
have n o t been examined e x t e n s i v e l y i n t h e past even though 
compounds such as NaCl have f r e q u e n t l y been used as f l u x e s 
i n t h e p r e p a r a t i o n o f powder phosphors. I f t h e l i t h i u m 
e n t e r s the l a t t i c e s u b s t i t u t i o n a l ^ a t a z i n c s i t e i t w i l l 
a c t as an acce p t o r . I f i t e n t e r s i n t e r s t i t i a l l y i t w i l l 
a c t as a donor. 
L i t h i u m doped c r y s t a l s were prepared by passing 
t h e stream o f argon i n t h e f l o w - r u n process over a heated 
boat o f l i t h i u m carbonate b e f o r e the argon passed over 
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Figure 5.7 Bound exciton and L0 phonon assisted emission spectra 
of (CI,flow-run) crystal No 13, with various intensities of 
excitation at 10 K. 
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t h e heated charge o f ZnSe. The emission spectrum of the 
r e s u l t a n t ( L i , f l o w - r u n ) c r y s t a l s i s composed o f two d i f -
f e r e n t phonon a s s i s t e d s e r i e s the zero phonon components 
o f which are l o c a t e d a t 4562 and 4605 ft a t 65 K. Only 
t h e 4562 8 zero phonon component of the f i r s t s e r i e s i s 
observed w h i l e t he 4605 i? zero phonon component o f the 
second s e r i e s appears w i t h t h r e e r e p l i c a s . No s e l f -
a c t i v a t e d e m i s s i o n bands were observed a t e i t h e r 65 or 
10 K. The measured emi s s i o n s p e c t r a are shown i n F i g u r e 
5.9 and the wavelengths and energies o f the v a r i o u s 
f e a t u r e s and t h e i r p o s s i b l e assignments are l i s t e d i n 
Table 5.4. A t 10 K, t h e emis s i o n spectrum c o n s i s t s o f 
bound e x c i t o n emission and t h e phonon a s s i s t e d HES and 
LES em i s s i o n s . I n c o n t r a s t t o the undoped c r y s t a l s , the 
i n t e n s i t y o f t h e bound e x c i t o n emission was much h i g h e r 
t h a n t h a t o f t h e LES. T h i s probably r e s u l t s from t he 
presence of a h i g h c o n c e n t r a t i o n of l i t h i u m i n t h e c r y s t a l 
Such a behaviour has been observed by Merz e t a l . (5) 
i n ZnSe h e a v i l y doped w i t h L i 2 C o 3 > 
The f i r s t sharp l i n e i n the h i g h energy r e g i o n i s 
I 2 a t 4442 ft, and t h e second sharp l i n e i s 1^ a t 4472. 
The i n t e n s i t y o f t h e I 2 l i n e i s h i g h e r than t h a t o f the 
1^ l i n e . Much s t r o n g e r LO and a c o u s t i c a l phonon c o u p l i n g 
was observed w i t h t h e 1^ l i n e . Such a s t r o n g 1^ l i n e was 
a l s o observed by Merz e t a l . (5) i n t h e i r h e a v i l y doped 
ZnSe:Li c r y s t a l s a t 1.6 K. They also found t h a t t he i n t e n 
s i t y o f t h e 1^ l i n e decreased when the L i c o n c e n t r a t i o n 
was reduced. 
On the l o n g e r wavelength side o f the bound e x c i t o n 
o m i s s i o n the two zero phonon components o f the low energy 
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Figure 5.8 Phonon assisted edge emission of the (CI, Zn) doped crystal 
No. 123 at various intensities of the exciting U.V. radiation at 10°K. 
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s e r i e s were observed a t about 4575 and 4630 ft. The second 
s e r i e s b e g i n n i n g a t 4630 ft i s i d e n t i c a l w i t h t h a t observed 
i n undoped c r y s t a l s and l a b e l l e d S . I n a d d i t i o n t o the 
o 
LES, the HES a l s o appears i n the same spectrum a t 10 K 
which i s c l e a r l y shown i n F i g u r e 5.9. This i s unusual f o r 
z i n c s e l e n i d e and d i f f e r s from the behaviour found i n the 
undoped c r y s t a l s . 
No s h i f t i n t h e s p e c t r a l p o s i t i o n of the HES and 
bound e x c i t o n e m i s s i o n was observed when t h e e x c i t a t i o n 
i n t e n s i t y was changed. The LES s h i f t e d by a p p r o x i m a t e l y 
10 ft t o l o n g e r wavelengths when the e x c i t a t i o n i n t e n s i t y 
was decreased by two o r d e r s o f magnitude. Once again such 
a s h i f t i n d i c a t e s t h a t a p a i r band mechanism i s o p e r a t i v e . 
Using t h e wavelengths o f t h e zero phonon bands a t 65 K, 
i . e . 4562 and 4605 ft, two acceptor b i n d i n g e n e r g i e s o f 
0.099 and 0.122 eV were c a l c u l a t e d . Donor b i n d i n g e n e r g i e s 
o f 0.023 and 0.032 eV were c a l c u l a t e d from t h e displacements 
between th e ' t w o S and N components. I t should be noted 
t h a t an a c c e p t o r b i n d i n g energy of 0.114 eV f o r L i doped 
c r y s t a l s was r e p o r t e d by Merz e t a l . (5) from the d i r e c t 
o b s e r v a t i o n o f t h e i n d i v i d u a l d i s t a n t p a i r l i n e s . 
5. 7 D i s c u s s i o n 
When t h i s work was s t a r t e d i t was hoped t h a t 
d e l i b e r a t e doping o f z i n c s e l e n i d e w i t h d i f f e r e n t i m p u r i t i e s 
would l e a d t o changes i n the edge emission s p e c t r a , which 
would be r e a d i l y i d e n t i f i a b l e , and thus p r o v i d e i n f o r m a t i o n 
about t h e v a r i o u s d e f e c t s a s s o c i a t e d w i t h those i m p u r i t i e s . 
The e x p e r i m e n t a l work r e p o r t e d here shows t h a t t h i s hope 
was n o t j u s t i f i e d and t h a t t h e changes observed are s u b t l e 
c 
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Figure 5.9 Emission spectra of the ( Li, flow-run) crystal 
at 65 and 10 °K. 
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and d i f f i c u l t t o i n t e r p r e t . I t i s c l e a r t h a t a d d i t i o n a l 
e x p e r i m e n t a l i n f o r m a t i o n i s r e q u i r e d . I n p a r t i c u l a r h i g h 
i n t e n s i t y e x c i t a t i o n , which should r e v e a l t h e i n d i v i d u a l 
p a i r l i n e s , would be i n v a l u a b l e . Such e x c i t a t i o n , f o r 
example w i t h an argon i o n l a s e r should g r e a t l y enhance the 
bound e x c i t o n s p e c t r a and r e v e a l t h e two e l e c t r o n 
t r a n s i t i o n s . 
The work r e p o r t e d i n t h i s chapter has been concerned 
w i t h c r y s t a l s t o which f i v e d i f f e r e n t dopants have been 
added. The c r y s t a l s were e i t h e r grown u s i n g t h e f l o w 
t e c h n i q u e o r i n sealed tubes i n an excess o f z i n c . The 
most s t r i k i n g r e s u l t i s t h a t t h r e e d i f f e r e n t p a i r s o f HES 
and LES emiss i o n bands were observed and t h a t they o c c u r r e d 
a t much t h e same wavelengths as the t h r e e p a i r s o f s e r i e s 
i n t h e undoped. samples, so much so t h a t t h e same symbols 
NQSo,N^S (I ) and N^S£ have been used t o d e s c r i b e d them. The 
occurrence o f a p a r t i c u l a r p a i r o f s e r i e s i n any c r y s t a l 
was n o t a f f e c t e d by t h e dopant used but was determined 
s o l e l y by t h e manner i n which t h e c r y s t a l had been grown. 
Thus t h e N£S£ s e r i e s were observed i n c r y s t a l s grown i n 
excess z i n c , whereas the o t h e r two s e r i e s were found i n 
t h e f l o w r u n c r y s t a l s . I n t h i s r espect t h e c r y s t a l s 
behaved i n e x a c t l y t h e same was as t h e undoped samples. 
I t can be concluded t h e r e f o r e t h a t t h e ambient atmosphere 
d u r i n g growth i s the dominant parameter d e t e r m i n i n g which 
p a i r s o f emiss i o n s e r i e s w i l l be observed. 
With t h e m a j o r i t y o f t h e doped c r y s t a l s the h i g h 
energy N s e r i e s bands l a y a t e x a c t l y t h e same wavelengths 
as t h e co r r e s p o n d i n g bands i n t h e undoped samples grown 
TABLE 5.4 
The position of the emission maxima of the ( L i , flow-run) 
doped c r y s t a l s at 10 K and 65 K. 
Observed spectrum at 10 K Observed spectrum at 65 K 
Lines Wave-length 
(8) 
Energy 
(eV) 
Possible 
assignment Lines 
Wave-
length 
(8) 
Energy 
(eV) 
Possible 
assignment 
4442 2.79133 Exciton bound N' 4562 2.71791 Zero phonon 
to a neutral \J 
donor ( I 2 ) N 
o 
4605 2.69253 Zero phonon 
Z l 4472 2,77261 Exciton bound to a neutral 
acceptor ( I ) 
N l 4660 2.66075 One phonon 
X N2 4717 2.62860 Two phonon 
Vl 4492 2.76026 I 2-1L0 z 
4772 2.59830 Three phonon 
X i a 4500 2.75535 I X-TA J 
Vi 4522 2.74195 I 1~1L0 
rL 4545 2.72807 Ij-ILO-TA 
N' 4562 2.71791 HES of zero 
o phonon 
S' 
o 
4575 2.71019 Zero phonon 
N 4600 2.69546 HES of zero 
o phonon 
S 
o 
4630 2.67799 Zero phonon 
N ] 4658 2.66189 HES of one X phonon 
s l 4686 2.64599 One phonon 
4715 2.62971 HES of two 
2. phonon 
S2 4742 2.61474 Two phonon 
S 3 4795 2.58584 Three phonon 
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i n t h e same way. T h i s once again leads t o t h e c o n c l u s i o n 
t h a t t h r e e a c c e p t o r s , u n a f f e c t e d by the i m p u r i t i e s i n t r o -
duced, are i n v o l v e d , w i t h i o n i z a t i o n e n e r g i e s o f 0.122, 
0.095 and 0.112 eV c o r r e s p o n d i n g t o the N , N' and N" 
o o o 
s e r i e s r e s p e c t i v e l y . When l i t h i u m was i n t r o d u c e d i n t o 
t h e f l o w run c r y s t a l s t h e and N Q s e r i e s appeared b u t 
th e s e r i e s was d i s p l a c e d t o s l i g h t l y l o n g e r wavelengths 
compared w i t h a l l t h e o t h e r c r y s t a l s . T h i s suggests an 
a c c e p t o r i o n i z a t i o n energy o f 0.099 i n s t e a d o f 0.095 eV. 
I n c o n t r a s t w i t h t h e s i t u a t i o n w i t h t h e N bands, 
the p o s i t i o n s o f t h e S bands were s l i g h t l y d i f f e r e n t from 
those o f t h e i r c o u n t e r p a r t s i n the undoped samples. T h i s 
suggests t h a t a l l f o u r dopants A l , I n , CI and L i i n t r o d u c e d 
s h a l l o w donors w i t h s l i g h t l y d i f f e r e n t depths. The f i r s t 
t h r e e o f these i m p u r i t i e s would e n t e r t h e l a t t i c e s u b s t i -
t u t i o n a l ^ whereas t h e l i t h i u m would e n t e r i n t e r s t i t i a l l y . 
Rough e s t i m a t e s o f t h e donor i o n i z a t i o n e n e r g i e s have been 
o b t a i n e d from t h e s e p a r a t i o n o f the corresponding N and S 
bands and are shown i n Table 5.5. The e s t i m a t e s are 
n e c e s s a r i l y rough because o f t h e crude a p p r o x i m a t i o n used 
t o f i n d t h e magnitude o f the Coulombic i n t e r a c t i o n term. 
Two s e t s o f donors were observed i n the l i t h i u m doped 
samples. The s h a l l o w e r s e t may be c h a r a c t e r i s t i c of 
i n t e r s t i t i a l l i t h i u m whereas t h e deeper s e t may be assoc-
i a t e d w i t h n a t i v e donors. The lower i o n i z a t i o n energy 
was c a l c u l a t e d from t h e p o s i t i o n s of t h e N* and S' bands 
o o 
whereas the h i g h e r energy was d e r i v e d from t h e N Q and S Q 
components. 
On the evidence a v a i l a b l e from the p o s i t i o n s of 
th e S and N bands i n t h e undoped and doped c r y s t a l s i t 
TABLE 5.5 
Values of donor binding energy and wavelengths 
of the bound exciton l i n e s . 
Impurity ED 
(eV) 
E D(eV) 
after Merz et a l . 
\ Ij-ILO 
(8) 
h 
(X) 
Aluminium 0.027 0.0263 4460 4510 4440 
Indium 0.029 0.0289 
Chlorine 0.027 0.0269 4526 4440 
Lithium 0.023 
0.032 
4472 4522 4442 
undoped flow 0.031 
0.032 
4468 4518 4447 
undoped, excess Zn 0.032 
0.034 
4464 4517 4442 
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seems reasonable t o conclude t h a t t h e same t h r e e acceptors 
can occur i n a l l t h e c r y s t a l s , w i t h the p o s s i b l e e x c e p t i o n 
o f ZhSe:Li, where an a c c e p t o r w i t h an i o n i z a t i o n energy 
o f 0 . 0 9 9 eV may be p r e s e n t . The v a r i o u s dopants a l l produce 
s h a l l o w donors w i t h s l i g h t l y d i f f e r e n t depths. I n the 
undoped c r y s t a l s a donor depth of 0 . 0 3 2 eV was found, which 
suggests t h a t a n a t i v e d e f e c t such as a selenium vacancy 
was r e s p o n s i b l e . The t h r e e acceptors would a l s o seem t o 
be a s s o c i a t e d w i t h n a t i v e d e f e c t s . 
I t i s i n t e r e s t i n g t o compare our r e s u l t s w i t h those 
of Dean and Merz ( 6 ) and o f Merz, Nassau and Shiever ( 5 ) . 
Dean and Merz were t h e f i r s t t o observe t h e d i s c r e t e l i n e 
s p e c t r a i n t h e edge emis s i o n o f zinc s e l e n i d e . They a l s o 
observed two s e r i e s o f bands a t 1.6 K, t h e zero-phonon 
components o f which t h e y l a b e l l e d Q Q and R q. The wave-
l e n g t h o f Q Q was 4 6 0 0 and o f R Q 4 5 7 5 8, corresponding more 
o r l e s s t o our bands S" and S'. Dean and Merz were o f t h e 
o o 
o p i n i o n t h a t t h e R Q band was t h e d i s t a n t p a i r band assoc-
i a t e d w i t h t h e d i s c r e t e l i n e s . I n a r e a p p r a i s a l o f t h i s 
work, Merz, Nassau and Shiever questioned t h i s c o n c l u s i o n . 
They observed two d i f f e r e n t s e t s of d i s c r e t e p a i r l i n e s , 
one o f which t h e y a s s o c i a t e d w i t h QQ, b u t t h e assignment 
o f t h e second s e t (the o r i g i n a l Dean and Merz l i n e s ) was 
u n r e s o l v e d . By s t u d y i n g l i t h i u m doped samples they were 
able t o a t t r i b u t e t h e l i n e s a s s o c i a t e d w i t h Q w i t h t he 
o 
a c c e p t o r L i . They then concluded t h a t the i o n i z a t i o n 
energy o f t h e l i t h i u m a c c e p t o r was 0 . 1 1 4 eV. Our r e s u l t s 
suggest a v a l u e o f 0 . 0 9 9 eV b u t i t i s i n t e r e s t i n g t o note 
t h a t t h e S"N" p a i r o f s e r i e s i s a s s o c i a t e d w i t h an acceptor 
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with an i o n i z a t i o n energy of 0.112 eV. 
In attempting to draw some conclusions, one feature 
which should not be overlooked, i s that whereas many 
samples showed two s e t s of S and N bands, these two s e t s 
were always composed of S and N with e i t h e r S' and N' 
J c o o o o 
or S" and N". The two l a t t e r p a i r s of bands were never o o c 
found together i n the same sample. Now Bryant, Hagston 
and Radford (7) who studied the e f f e c t s of r a d i a t i o n 
damage on the edge emission of cadmium sulphide found 
evidence f o r p r e f e r e n t i a l p a i r i n g i n c r y s t a l s heated i n 
sulphur vapour, whereas the p a i r i n g was random i n samples 
heated i n cadmium. The e f f e c t of t h i s was that with samples 
heated i n sulphur many c l o s e p a i r s were involved so that 
the Coulombic i n t e r a c t i o n term was large and the S bands 
were therefore d i s p l a c e d to shorter wavelengths compared 
with the corresponding bands i n samples heated i n cadmium. 
Thus although two p a i r s of s e r i e s were involved they 
argued that only one acceptor was present. They a l s o 
proposed that the N s e r i e s was subject to a modified 
Coulombic i n t e r a c t i o n so that the N bands would a l s o be 
d i s p l a c e d to shorter wavelengths i n sulphur r i c h c r y s t a l s . 
Our r e s u l t s are somewhat s i m i l a r to those of Bryant et a l . (7 
i f we consider the S'N! and S"N" p a i r s of bands. For 
• o o o o 
example they never occur together. The shorter wavelength 
p a i r S ^ N Q was dominant i n c r y s t a l s grown i n excess 
selenium, whereas on heating i n l i q u i d z i n c , or i n c r y s t a l s 
grown i n excess z i n c , the S£N£ s e r i e s appeared. I t may be 
therefore t hat these two p a r t i c u l a r s e t s of s e r i e s are i n 
f a c t a s s o c i a t e d with one donor and one acceptor only, and 
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that preparation i n excess selenium leads to p r e f e r e n t i a l 
p a i r i n g of the donors and acceptors at near neighbour 
s i t e s , whereas preparation i n excess zinc leads to random 
p a i r i n g . Some evidence to support t h i s suggestion can 
be seen i n the curves of Figures 5.2 and 5.7. In 
Figure 5.2 the S£ band s h i f t s appreciably to longer wave-
lengths as the e x c i t a t i o n i n t e n s i t y i s reduced. In contrast 
i n Figure 5.7 the s h i f t of the band i s r e l a t i v e l y small. 
I f t h i s l a t t e r band i s a s s o c i a t e d with p r e f e r e n t i a l p a i r s 
only a small s h i f t would be expected since the recombination 
p r o b a b i l i t y of the various d i f f e r e n t p a i r s would be very 
s i m i l a r . T h i s i s not true for random p a i r s . 
I f t h i s i n t e r p r e t a t i o n i s c o r r e c t then the three 
observed p a i r s of s e r i e s are not associated with three 
acceptors but only with two, namely those with i o n i z a t i o n 
energies of 0.112 and 0.122 eV. Furthermore the value of 
0.099 eV f o r the i o n i z a t i o n energy of the l i t h i u m acceptor 
would be i n e r r o r because i t was deduced from the N' 
o 
s e r i e s which i s s u b j e c t to a large Coulombic i n t e r a c t i o n 
from the neighbouring, p r e f e r e n t i a l l y paired donors. 
Another question which i s d i f f i c u l t to r e s o l v e i s 
whether the bound exciton l i n e s observed are associated 
with the same donors and acceptors involved i n the p a i r 
emission process. The wavelengths of the 1^, I^-lLO and 
I 2 l i n e s found i n the various c r y s t a l s are a l s o recorded 
i n Table 5.5. I n general the bound exciton l i n e s are 
found i n c r y s t a l s grown by the flow-run technique and i n 
those grown i n excess z i n c . No exciton l i n e s were found 
i n any c r y s t a l grown i n excess selenium. There i s no 
evidence therefore to a s s o c i a t e any excitons at a l l with 
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the S^N^ s e r i e s . This may be very reasonable i f t h i s 
p a r t i c u l a r p a i r of s e r i e s only appears when p r e f e r e n t i a l 
p a i r i n g occurs, s i n c e the proximity of a neighbouring 
defect may i n h i b i t the formation of a l o c a l i s e d exciton. 
I t i s i n t e r e s t i n g to note that Bryant et a l . (7) also 
found the exciton emission to be very weak or non-existent 
i n t h e i r samples which had been heated i n excess sulphur. 
The data recorded i n Table 5.5 show that the I 2 
l i n e l ay i n the range 4440 to 4447 A*. I t was very intense 
i n the c h l o r i n e and l i t h i u m doped samples, which i n d i c a t e s 
the presence of many n e u t r a l donors, but there does not 
appear to be any c o r r e l a t i o n between the i n t e n s i t i e s of 
any of the p a i r bands and the strength of the I 2 l i n e . In 
l i t h i u m doped m a t e r i a l the i n t e n s i t y of the exciton emission 
was much stronger than that of the p a i r band emission but 
i n most other c r y s t a l s the reverse was true. Aluminium 
c e r t a i n l y d i f f u s e s i n t o ZnSe with d i f f i c u l t y and the weak 
12 l i n e may i n d i c a t e that few neutral donors were present. 
The indium and gallium samples were h e a v i l y doped and no 
e x c i t o n emission was observed. This again supports the 
view that excitons cannot be formed at defects when other 
d e f e c t s l i e i n the c l o s e v i c i n i t y . 
One p o s s i b i l i t y which must be admitted i s that a l l 
the samples may have been contaminated with the same 
r e s i d u a l impurity. I t i s w e l l known that i t i s extremely 
d i f f i c u l t to remove the l a s t t r a c e s of c h l o r i n e from 
I I - V I compounds and i t could be that most of the observed 
I 2 emission i n d i c a t e s the presence of c h l o r i n e . One reason 
f o r t h i s suggestion d e r i v e s from a consideration of the I , 
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l i n e s . C r y s t a l s doped with Al and L i had c l e a r l y defined 
I 1 l i n e s with s e v e r a l phonon r e p l i c a s . When the e x c i t a -
t i o n i n t e n s i t y was reduced the r e l a t i v e i n t e n s i t y of the 
I^-1L0 r e p l i c a i n c r e a s e d , p a r t i c u l a r l y i n the aluminium 
doped samples, u n t i l i t became the main feature of the 
1^ spectrum. The I^-1L0 l i n e l ay i n the wavelength range 
4510-4522 8. I n the c h l o r i n e doped sample no 1^ l i n e was 
detected but a strong e x c i t o n - l i k e l i n e was observed at 
4526 R. A s i m i l a r feature was observed i n many of the 
undoped samples which could w e l l be evidence of contamina-
t i o n with c h l o r i n e . I t i s concluded that more evidence 
i s needed before any f i r m conclusions can be drawn con-
cerning the a s s o c i a t i o n of the bound exciton l i n e s with 
the p a i r band emission. 
F i n a l l y various broad bands were observed at lower 
energies which were found to be quite c o n s i s t e n t with a 
complex centre as the o r i g i n of the c h a r a c t e r i s t i c emission 
of p a r t i c u l a r dopants i n the c r y s t a l s , so that the observed 
broad bands at about 6230, 5960 and 5890 R are t e n t a t i v e l y 
assigned to the c h a r a c t e r i s t i c emission of A l , In and CI 
i m p u r i t i e s at 10 K. I n addition to these emissions, most 
of the doped c r y s t a l s show a green s e l f - a c t i v a t e d emission 
band a t 10 K with a maximum between 5470 and 5490 A*. I t 
i s b e l i e v e d that t h i s emission i s c h a r a c t e r i s t i c of samples 
doped with group I I I impurity elements. The s e l f -
a c t i v a t e d emission at about 5460 A* i n Al doped c r y s t a l s 
may be as s o c i a t e d with a free e l e c t r o n t r a n s i t i o n to an 
empty acceptor l e v e l . 
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CHAPTER 6 
COPPER AND MANGANESE DOPED CRYSTALS 
6.1 Introduction 
The emission p r o p e r t i e s of copper and manganese 
impurity i n I I - V I compounds have been i n v e s t i g a t e d by 
s e v e r a l workers (1-9) and many d i f f e r e n t models have been 
proposed for the p h y s i c a l mechanisms of the luminescence 
t r a n s i t i o n s . However, the i d e n t i f i c a t i o n of the impurity 
s t a t e s involved i s s t i l l a matter of considerable debate 
and u n c e r t a i n t y . 
The primary aim of t h i s chapter i s to describe 
some experimental information about the emission spectra 
++ 
of z i n c s e l e n i d e c r y s t a l s d e l i b e r a t e l y doped with Cu 
++ 
or Mn h a l i d e s or s e l e n i d e s , i . e . copper c h l o r i d e , copper 
s e l e n i d e , manganese c h l o r i d e and manganese s e l e n i d e . The 
emission of Cu doped c r y s t a l s was blue, green or red, 
while the manganese doped c r y s t a l s emitted i n the green 
and orange-red. In t h i s chapter the spectra of the copper 
doped c r y s t a l s are described f i r s t . Then follows a 
d e s c r i p t i o n of the r e s u l t s obtained with the manganese 
doped samples and the r e s u l t s are compared with previously 
reported work. At the end of t h i s chapter manganese doped 
c r y s t a l s containing a d d i t i o n a l Al impurity are discussed. 
The reason for t h i s i s t h a t c r y s t a l s containing manganese 
and aluminium are used i n the preparation of e l e c t r o -
luminescent Schottky diodes. The other o p t i c a l properties 
of these c r y s t a l s , i . e . t h e i r transmission, absorption and 
r e f l e c t i o n w i l l be di s c u s s e d i n the following chapter. 
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6.2 Copper selenlde doped c r y s t a l s 
The emission s p e c t r a of two c r y s t a l s doped with 
copper (CuSe, Zn) were studied under U.V. e x c i t a t i o n at 
l i q u i d nitrogen and helium temperatures. The results' are 
very s i m i l a r f o r both. The emission spectra of one (No.158) 
i s shown at various^temperatures i n Figure 6.1. At 87 K, 
the spectrum c o n s i s t s of broad blue, green and red bands 
centred at 4535, 5290, 6250 8 with h a l f widths of about 
160, 385, and 430 8 r e s p e c t i v e l y . At t h i s temperature the 
i n t e n s i t y of the green emission band was at l e a s t an order 
of magnitude grea t e r than the corresponding band i n the 
undoped c r y s t a l s , while the blue and red bands were rather 
weak. When the c r y s t a l s were cooled to 65 K, the blue 
band was resolved i n t o four sharp emission bands with 
maxima at 4462, 4512, 4565 and 4615 8, which are a t t r i b u t e d 
to Ilt 1^-lLO, I 1 ~ 2 L 0 and S£ r e s p e c t i v e l y . 
The blue emission s p e c t r a at 10 K are shown for 
s e v e r a l l e v e l s of e x c i t a t i o n i n t e n s i t y i n Figure 6.2. The 
f i r s t emission peak at the higher energy i s at 4462 A*, With 
a shoulder at 4468 These are 1^ l i n e s . Below the I 1 
l i n e , two strong LO phonon r e p l i c a s appear at 4515 and 
4564 2. The h a l f width of the bound exciton l i n e s i s about 
19 $ which i s s l i g h t l y broader than that observed i n undoped 
c r y s t a l s . The 1^ l i n e did not s h i f t on varying the e x c i t a -
t i o n i n t e n s i t y and once again the I^-1L0 component became 
the dominant feature at low i n t e n s i t i e s . At lower energies 
than the bound exciton emission, a ra t h e r weak zero phonon 
component appeared at 4618 S with a r e p l i c a at 4670 
This zero phonon component i s s i m i l a r to the S" band, and 
o 
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once again i t was observed i n a c r y s t a l grown i n excess 
z i n c . Note however that the corresponding N£ component 
was not observed at 65 K. At that temperature the zero 
phonon band a l s o lay at 4618 S. The low i n t e n s i t y of the 
s e r i e s may be explained i n terms of s u b s t i t u t i o n a l copper 
reducing the incidence of na t i v e acceptors. However the 
i n t e n s i t y of the blue emission i n d i c a t e s that the copper 
concentration was not too high. 
At 10 K, the strong broad green band has a maximum 
at 5300 R and the weak broad red band i s centred at 6290 8. 
These emission bands are.very s i m i l a r to bands previously 
reported i n the green at 5300 A5 and the red 6 300 8 in 
ZnSe:Cu c r y s t a l s (1, 2, 3, 4 ) . The green emission band did 
not s h i f t with v a r i a t i o n of e x c i t a t i o n i n t e n s i t y while the 
red emission band s h i f t e d to longer" wavelengths with 
reduction i n i n t e n s i t y of e x c i t a t i o n . The absence of a 
s h i f t i n the p o s i t i o n of the green band with e x c i t a t i o n 
i n t e n s i t y , and the rat h e r small s h i f t of about 10 $ (which 
i s due to the temperature dependence of the band gap) with 
i n c r e a s i n g temperature, can be explained in terms of recom-
b i n a t i o n between free e l e c t r o n s and holes bound at copper 
acceptors. This mechanism i s cons i s t e n t with the model 
proposed by S t r i n g f e l l o w and Bube (2, 3) of free-to-bound 
recombination at a m u l t i v a l e n t copper impurity model. 
Using a value of the energy gap of 2.818 eV the corresponding 
l e v e l of the acceptor centre i s found to be 0.474 eV 
above the valence band. 
The s h i f t of the red emission band with decreasing 
e x c i t a t i o n i n t e n s i t y i s c h a r a c t e r i s t i c of donor-acceptor 
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F igure 6.2 The blue emission s p e c t r a of (CuSe, Zn) doped ZnSe 
crysta l No. 158 recorded at 10 °K for several levels of 
excitation intensi ty. 
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p a i r emission. A s i m i l a r s h i f t of the red emission band 
to s h o r t e r wavelengths with Increasing e x c i t a t i o n i n t e n s i t y 
has been reported by S t r i n g f e l l o w and Bube (3, 4 ) , and 
explained i n terms of a donor acceptor p a i r model. Taking 
the value of 1.971 eV as the observed photon energy from the 
red band (at 6250 8) at 88 K, the second acceptor i o n i s a t i o n 
energy was found to be 0.829 eV. This i s close to the 
value of 0.72 eV reported by S t r i n g f e l l o w and Bube (3, 4) 
from t h e i r photoconductivity measurements. The energy 
d i f f e r e n c e between the observed red emission at 88 and 10 K, 
i n d i c a t e s the presence of a shallow donor l e v e l with an 
apparent depthof 0.013 eV below the conduction band. Using 
t h i s energy with a c o r r e c t i o n factor of 0.014 eV for the 
Coulomb i n t e r a c t i o n , the donor binding energy becomes 
0.032 eV. This i s remarkably s i m i l a r to the donor binding 
energy of 0.032 eV determined from the d i f f e r e n c e s between 
the HES and LES emission bands i n undoped c r y s t a l s grown 
with z i n c r e s e r v o i r . The suggestion i s therefore that a 
n a t i v e donor i s involved i n the red emission band and a l s o 
with the appearance of the LES at 4618 R (S£ undoped 
c r y s t a l s ) . 
6.3 Copper Chloride doped c r y s t a l s 
Only one ( C u C l 2 , Zn) doped c r y s t a l was studied. 
Unfortunately no measurements were made at l i q u i d helium 
temperature and as i s shown i n Figure 6.3 the emission 
spectrum at 88 K cons i s t e d of broad green, yellow and red 
emission bands with maxima at 5260, 5830 and 6250 A. No 
edge emission or other emission bands were detected at 65 K. 
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At 65 K the observed green emission band at 
5260 R i s ra t h e r f l a t . I t i s suggested that two d i f f e r e n t 
emission bands are i n f a c t involved namely a green copper 
emission at 5290 & and a s e l f - a c t i v a t e d emission a t 5480 
The l a s t s e l f - a c t i v a t e d emission band i s rather s i m i l a r to 
the green emission band observed in (CI, Zn) doped c r y s t a l s . 
The broad yellow emission band at 5840 °v dominated the 
spectrum with the red emission band as a small shoulder. 
The yellow emission band i s presumably the c h a r a c t e r i s t i c 
band for c h l o r i n e as observed i n chlorine doped c r y s t a l s 
grown with z i n c r e s e r v o i r s . However I i d a (4) found a 
yellow emission band at 5700 8 i n copper doped c r y s t a l s 
which he a t t r i b u t e d to a donor-copper acceptor p a i r 
mechanism. Nevertheless the d i f f e r e n c e s in the s p e c t r a l 
emission and absence of the yellow emission i n our (CuSe, 
Zn) doped c r y s t a l s i s strong evidence that the observed 
yellow emission i s not a s s o c i a t e d with copper. We a t t r i b u t e 
the yellow band to c h l o r i n e and the red and green bands to 
the two d i f f e r e n t l e v e l s of s u b s t i t u t i o n a l copper. 
6.4 Manganese doped c r y s t a l s 
Numerous manganese, MnCl 2 and MnSe doped c r y s t a l s 
were studied to i d e n t i f y the photo-luminescence emission 
band a s s o c i a t e d with s u b s t i t u t i o n a l manganese. The f i r s t 
study was made on flow-run c r y s t a l s doped with manganese 
metal and the emission spectrum of a (Mn, flow-run) sample 
i s shown i n Figure 6.4. This emission spectrum co n s i s t e d 
of phonon a s s i s t e d edge emission i n the blue and two broad 
emission bands i n the green and red. At 65 K the edge 
o 
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emission e x h i b i t e d f i v e poorly resolved peaks with maxima 
at 4604, 4656, 4710, 4770 and 4828 8 which were s i m i l a r 
to the N Q s e r i e s i n undoped flow-run c r y s t a l s . The 
green emission band at 5560 R was rather strong and dominated 
the spectrum while a red emission band at approximately 
6100 8 appeared as a shoulder on the longer wavelength 
side of the green band. 
The i n t e n s i t y of the various emissions increased 
with decreasing temperature and the edge emission spectrum 
e x h i b i t e d w e l l developed s t r u c t u r e at 10 K. However the 
i n c r e a s e i n i n t e n s i t y was at l e a s t an order of magnitude 
l e s s than that i n the .undoped c r y s t a l s . I t i s a l s o 
s u r p r i s i n g t hat t h i s w e l l developed phonon a s s i s t e d emission 
did not show much displacement i n wavelength from the cor-
responding p o s i t i o n at 85 K. The f i v e major bands were 
located at 4608, 4660, 4714, 4772 and 4830 X and may have 
been members of the N or S" s e r i e s . However the zero 
o o 
phonon component (at 4608 R) s h i f t e d with v a r i a t i o n of 
e x c i t a t i o n i n t e n s i t y by about 15 R when the e x c i t a t i o n 
i n t e n s i t y was decreased by two orders of magnitude which 
suggests that we are observing an S s e r i e s at both 
temperatures. A s i m i l a r s i t u a t i o n was observed with the 
copper doped samples. 
The strongest broad peak at 10 K i s the green 
band located at 5548 R which i s believed to be a s e l f -
a c t i v a t e d emission. This band i s s i m i l a r to that observed 
in undoped c r y s t a l s and a t t r i b u t e d to a free-to-bound 
recombination mechanism because no s h i f t was observed with 
v a r i a t i o n i n e x c i t a t i o n i n t e n s i t y . On the lower energy 
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sid e of the green emission band there was a broad red 
emission band at 6060 $ with a h a l f width of approximately 
630 8. I t i s important to note that t h i s broad red emission 
band was not found i n the undoped or any other doped ZnSe 
c r y s t a l s , so that, t h i s band i s t e n t a t i v e l y a t t r i b u t e d to 
the c h a r a c t e r i s t i c emission of 3d s h e l l t r a n s i t i o n s i n the 
++ 
Mn ion. However, i t i s very d i f f i c u l t to make any 
unambiguous statements about the i d e n t i f i c a t i o n of t h i s 
emission because the broad nature of the emission makes 
p r e c i s e measurements very d i f f i c u l t , and confusion with 
other impurity bands, f o r example the s e l f - a c t i v a t e d , red-
copper, s i l v e r , aluminium, chl o r i n e emission bands i s 
quite p o s s i b l e . 
I t should be noted that according to reports in 
the l i t e r a t u r e the s e l f - a c t i v a t e d emission band l i e s i n 
the v i c i n i t y of the manganese band. Previously reported 
values f o r the s e l f - a c t i v a t e d emission i n zi n c selenide 
range from 6020 to 6450 8 (5,6). Very r e c e n t l y a value 
of 6150 R was reported by Jones and Woods (7) which i s 
very c l o s e to the red manganese band observed i n the 
++ 
present work. In comparison with Mn i n ZnS there are 
r e l a t i v e l y few published reports of the luminescent proper-
t i e s of ZnSe:Mn. According to Asano et a l . (8) ZnSe:Mn 
has a band centred a t about 6450 £ at 300 K, which s h i f t s 
to 6200 8 or thereabouts at 80 K. The r e s u l t s of Apperson 
et a l . (9) appear to i n d i c a t e a band with i t s maximum at 
6350 8 at both 291 and 90 K. Under U.V. e x c i t a t i o n an 
emission band was found by Jones and Woods (7) at 6550 8 
at 293 K and 6250 8 at 85 K. The h a l f widths of the 
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various bands were about 900 $ at 80 K ( 8 ) , 700 8 at 90 K 
(9) and 1000 X at 85 K (7) which are much broader than that 
of the red band reported here. 
6.5 Manganese Selenide doped c r y s t a l s 
Manganese Selenide was incorporated into ZnSe by 
two d i f f e r e n t methods and (MnSe, flow-run) and (MnSe, Zn) 
c r y s t a l s were studied under U.V. e x c i t a t i o n at various 
temperatures. The emission spectrum of (MnSe, flow-run) 
c r y s t a l s c o n s i s t s of a strong blue and two weak green bands. 
At 65 K, the weak green emission bands were located at 
5230 and 5460 A* i n the (MnSe, flow-run) c r y s t a l s and the 
strong blue emission contained three poorly resolved 
edge emission bands at about 4608, 4660 and 4714 8 which 
are s i m i l a r to the N Q s e r i e s of the undoped c r y s t a l s . No 
red and bound exciton emission was observed at 65 K and 
unfortunately measurements were not made at 10 K for t h i s 
c r y s t a l . 
As i s shown i n Figure 6.5 the green and red 
emission bands i n the (MnSe, Zn) c r y s t a l were centred at 
about 5230 and 6140 £ and two blue emission bands appeared 
at 4790 and 4450 A* at 65 K. At 10 K the green and red 
emission bands were at 5235 and 6180 R, and the blue 
bands were resolved i n t o a number of narrow bands and 
sharp l i n e s . The assignment of the narrow bands i s indicated 
i n Figure 6.5 as S£, S£....S£ and the sharp l i n e s are I 2 , 
Ilf I j - T A , 3^-lLO, Ij-ILO-TA and I 1 ~ 2 L 0 . The emission 
maxima of S", I , and I _ occurred at about 4618, 4463 and o 1 2 
4442 8 r e s p e c t i v e l y . T h i s spectrum i s e s s e n t i a l l y s i m i l a r 
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to t h a t observed i n the edge emission of undoped c r y s t a l s 
grown with z i n c r e s e r v o i r s . The broad green emission i s 
a l s o centred at the same wavelengths as i n undoped c r y s t a l s 
grown with z i n c r e s e r v o i r s so that i t i s a t t r i b u t e d to the 
s e l f - a c t i v a t e d emission. 
As seen from Figure 6.5 the red band s h i f t s to 
longer wavelengths with decreasing temperatures. A s h i f t 
i n t h i s d i r e c t i o n has been reported for the s e l f - a c t i v a t e d 
band i n ZnS (10) and ZnSe (11). I t i s reasonable to con-
clude t h a t no manganese entered the c r y s t a l s from the MnSe 
and the red emission band a t 6180 & i s therefore a t t r i b u t e d 
to the s e l f - a c t i v a t e d red emission i n ZnSe. This i s c l o s e 
to the r e c e n t l y reported (7) value of 6150 A* for s e l f -
a c t i v a t e d emission i n ZnSe. 
6.6 Manganese c h l o r i d e doped c r y s t a l s 
Three d i f f e r e n t manganese chl o r i d e doped c r y s t a l s 
were studied. Of these two Nos.163 and 222 (MnCl 2, Zn) 
were grown by the usual method with a z i n c r e s e r v o i r while 
the t h i r d No.213 (MnCl2+Mn) was grown by plac i n g MnCl 2 i n 
the z i n c r e s e r v o i r and manganese metal i n the charge. 
These two d i f f e r e n t c r y s t a l growth methods l e d to two very 
d i f f e r e n t concentrations of manganese i n the c r y s t a l s . A 
low concentration of 20-50 p.p.m. was achieved with the 
(MnCl 2, Zn) samples, while a high concentration of 2000 
p.p.m. was obtained i n the (MnCl2+Mn) sample. 
Figure 6.6 shows the emission spectra of three 
samples a t 65 and 10 K. The spectra of samples No.lfi? and 
222 containing a low concentration of manganese consisted 
of broad blue, green, yellow and red emission bands 
Photon energy (eV ) 
1-878 1.937 1,999 2.066 2.137 2.214 2.296 2.384 2.479 2.583 2.695 2.792 
1 l i l 1 1 1 U 1 i I i I J _ 
/ 
cry.No.222 
\ 
\ c r y No.213 
../crv.No.163 
cry. No. 222 
cry.Na21 
cry.Na163..^' 
T r- 1 1 1 • 1 ' 1 1 1 1 1 • 1 ' 1 1 1 ' 1 r 1 
6600 6400 6200 6000 5800 5600 5400 5200 5000 4800 4600 4400 
"*—Wavelength (X ) 
Figure 6.6 Emission spectra of (MnC(2,Zn) and (MnCl^Mn) doped crystals 
at two different temperatures. 
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located at 4590, 5220, 5860 and 6160 8 at 65 K. With the 
exception of the blue and red emissions, the bands s h i f t e d 
to longer wavelengths with decreasing temperature and the 
green and yellow emission bands were centred at about 5230 
and 5890 8 at 10 K. These weak green and strong yellow 
emission bands were very s i m i l a r to the s e l f - a c t i v a t e d and 
c h a r a c t e r i s t i c yellow c h l o r i n e bands observed i n c h l o r i n e 
doped c r y s t a l s , so that these bands may w e l l be a t t r i b u t a b l 
to the s e l f - a c t i v a t e d and c h a r a c t e r i s t i c c h l o r i n e emission. 
The red emission band appeared as a shoulder on the longer 
wavelength s i d e of the yellow emission and s h i f t e d to 
shorter wavelengths with decreasing temperature and was 
located at 6090 X at 10 K. T h i s red emission band i s 
s i m i l a r to t h a t of the (Mn, flow-run) c r y s t a l s and i s 
a t t r i b u t e d to the c h a r a c t e r i s t i c manganese emission i n 
ZnSe. At 10 K the blue emission was resolved i n t o f i v e 
r a t h e r weak emission bands at about 4465, 4514, 4610, 
4664 and 4720 R i n c r y s t a l No.222. These bands are 
a t t r i b u t e d to I , , I.-1L0, S", S? and S". However the 1 1 o 1 2 
blue band was not observed at 65 K i n c r y s t a l No.l(£8 and 
only a broad blue emission centred at 4612 R was observed 
at 10 K. T h i s may be due to a higher manganese concentra-
t i o n i n the second c r y s t a l . 
The spectrum of the sample containing a high 
concentration of manganese was approximately the same 
as those of the (MnC^/ Zn) samples but no blue edge 
emission was observed even at the highest e x c i t a t i o n and 
the lowest temperatures. Once again the donor-acceptor 
p a i r emission was quenched i n a h e a v i l y doped sample. 
Energy (eV) 
UJ78 1.937 1999 2066 2.137 2.214 2.296 2.384 2.479 2.583 2.695 2 792 
— 1 ' 1 — ' — 1 — ' — 1 — 1 — 1 — > — i — . — i — . — i — i — i • • • • . 
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Figure 6.7 Comparison of the observed emission spectra of the manganese 
and aluminium doped f low-run crystals at two different temperatures. 
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Examination of Figure 6.6 shows that the emission of 
sample No.213 c o n s i s t s of the c h a r a c t e r i s t i c manganese 
band i n the red and that due to s e l f - a c t i v a t e d c h l o r i n e 
i n the yellow. The red band at about 6060 R appears at 
shorter wavelengths than the corresponding feature i n the 
(MnC^/ Zn) c r y s t a l s , so that there i s a d i f f e r e n c e of 
about 30 A* between the p o s i t i o n s of the bands which i s 
probably due to the high concentration of manganese i n 
c r y s t a l No.213. Such a s h i f t was reported by Asano et a l . 
(8) with i n c r e a s i n g manganese concentration i n t h e i r 
Zn(S:Se):Mn c r y s t a l s . Therefore, once again i t i s 
reasonable to assume that the band at 6060 A* i s associated 
with manganese. 
Sample No.213 was a l s o examined a f t e r i t had 
been heated i n l i q u i d z i n c at 850°C for 15 days. Following 
t h i s treatment the emission was almost i d e n t i c a l to that 
of c h l o r i n e doped samples, but no bound exciton and edge 
emission bands were observed. These r e s u l t s could be 
i n t e r p r e t e d as i n d i c a t i n g that the heating i n z i n c removed 
the manganese from the c r y s t a l . On the other hand o p t i c a l 
absorption measurements have been made for t h i s c r y s t a l 
(see Chapter 7) and the same three absorption bands 
as s o c i a t e d with manganese were found before and a f t e r the 
heating i n l i q u i d z i n c . This shows that the manganese 
impurity content was not reduced by heating i n l i q u i d 
z i n c , which i s known to remove copper and other i m p u r i t i e s 
from ZnSe (12). The f a i l u r e to observe the c h a r a c t e r i s t i c 
++ 
Mn emission i n samples heated in l i q u i d z i n c i s assoc-
i a t e d with the onset of competing Auger processes i n the 
highly conducting ZnSe ( 7 ) . 
TABLE 6.1 
The position of the emission maxima of Figure 6.7 and their assignment 
Observed spectrum at 10 K Observed spectrum at 65 K 
Lines Wave-Length 
(8) 
Energy 
(eV) 
Possible 
Assignment Lines 
Wave-
Length 
(8) 
Energy 
(eV) 
Possible 
Assignment. 
(Mn+Al, flow -run) cry. 3tal 
I, 4462 2.77882 Exciton bound X to a neutral 
acceptor 
Vl 4510 2.74924 I j - I L O 4511 2.74864 I^-ILO 
S' 4578 2.70841 Zero-phonon S' 4576 2.70959 Zero phonon 
w u LES 
s 4628 2.67915 Zero-phonon s 4624 2.68147 Zero phonon 
(J LES 
s i 4680 2.64938 One phonon s i 4678 .2.65051 Zero phonon LES 
S2 4734 2.61916 Two phonon S2 4732 2.62027 Zero phonon LES 
Broad 5466 2.26840 Self-activated 
emission 
Broad 5460 2.27090 Self-activated 
emission 
Broad 6080 2.03932 Mn+Al emission 
(?) 
Broad 6060 2.04605 Mn+Al emission 
(?) 
(MnSe+Al, flow-run) c r y s t a l 
I , 4460 2.78007 Exciton bound i to neutral 
acceptor 
Vl 
4510 2.74924 1^-lLO * i 4510 2.74924 1^-lLO 
S' o 4576 2.70959 Zero phonon N' o 
4560 2.71910 Zero phonon 
S 
o 
4625 2.68089 Zero phonon N 
o 
4608 2.69078 Zero phonon 
S l 4680 2.64938 One phonon 
Broad 5460 2.27090 Self-activated 
green emission 
Broad 4720 2.62693 Edge emission 
Broad 6040 2.05283 Mn+Al emission 
(?) 
Broad 
Broad 
5456 
6040 
2.27506 
2.05283 
Self-activated 
green emission 
Mn+Al emission 
(?) 
(MnCl +A1, flow-run) c r y s t a l 
Broad 
Broad 
Broad 
5440 
58GO 
6120 
2.27925 
2.08039 
2.02600 
Seif-activated 
find ssion 
01 omission 
Mn+Al emission 
(?) 
- 143 -
6.7 C r y s t a l s doped with manganese and aluminium 
Three d i f f e r e n t types of c r y s t a l were examined, 
i n which Mn+Al, MnSe+Al and MnCl 2+Al had been added 
during growth by the flow-run method. Figure 6.7 shows 
the observed emission s p e c t r a of t y p i c a l c r y s t a l s at two 
d i f f e r e n t temperatures. The wavelengths and energies of 
/ . . . 
the various f e a t u r e s are recorded i n Table 6.1. In general 
the emission of a l l these c r y s t a l s consisted of green and 
red bands, and except for the (MnCl 2+Al, flow-run) sample, 
the blue edge emission was e a s i l y detectable. 
The emission of the (Mn+Al, flow-run) c r y s t a l 
shown i n Figure 6.7, contains an intense red and a weak 
green band at about 6080 and 5466 R. The bound exciton 
and edge emission bands were w e l l developed and appeared 
at shorter wavelengths at 10 K. The bound exciton and 
edge emission peaks were e s s e n t i a l l y s i m i l a r to those of 
undoped flow-run c r y s t a l s , with 1^, I^-lLO, and S q 
prominant. See Figure 6.7 and Table 6.1. However the 1^ 
l i n e was not observed at 65 K, but once again a strong 
I^-1L0 phonon a s s i s t e d l i n e was detected. The zero 
phonon p a i r band components observed at 65 K were and 
S r a t h e r than N 1 and N . o o o 
The curves i n Figure 6.7 r e v e a l that the 
(MnSe+Al, flow-run) c r y s t a l shows s i m i l a r emission bands 
at much the same wavelengths except that the r e l a t i v e 
i n t e n s i t i e s of the broad green and red emissions are 
opposite to those of the same bands in the (Mn+Al, flow-
run) sample. This suggests that the manganese concentra-
t i o n i s higher i n the (Mn+Al, flow-run) c r y s t a l , and 
o 
<y 
«5 
o 
05 
P CP 
cD 
O (0 ft ft) O 
\ 
•2- Pi 
\ 
7" 
\ 
ift*S 3 \ \V4 
\ 0) ft) 
VP 
Of 
(0 VA 
\ 
\ 
\ 
\ 
\ 
\ 
\ a*' 
\ 
\ 
\ 
\ 
- 144 -
r a t h e r low i n (MnSe+Al, flow-run) sample. 
With the (MnCl 2+Al, flow-run) c r y s t a l , no edge 
emission bands were observed at 65 K and unfortunately no 
l i q u i d helium measurements were made. Once again the 
addition of c h l o r i n e led to a c h a r a c t e r i s t i c broad yellow 
c h l o r i n e emission at 5860 8 while the manganese and aluminium 
i m p u r i t i e s gave r i s e to a long t a i l extending int o the red. 
A small shoulder appeared at about 6200 8 i n the t a i l of 
the yellow emission at 296 K. This shoulder s h i f t e d to 
shorter wavelengths with decreasing temperature and was 
located at 6120 8 at 10 K. This r e s u l t suggests that the 
band g i v i n g r i s e to t h i s shoulder may not be the s e l f -
a c t i v a t e d red emission. I n f a c t when the red band was 
drawn by e x t r a p o l a t i o n (see Figure 6.7) i t was found to 
be very s i m i l a r to the red band emitted by the (Mn+Al, 
flow-run) sample. I t i s therefore reasonable to assume 
that the shoulder at 6120 8 i s due to complex centre of 
manganese and aluminium ions i n very close a s s o c i a t i o n . 
6.8 D i s c u s s i o n 
The d e l i b e r a t e introduction of copper or 
manganese impurity i n any appreciable concentration quenches 
the bound ex c i t o n and edge emissions so that only deep 
centre luminescence remains. Several c l o s e l y neighbouring 
bands have been observed i n both the green and the red 
and although i t i s p o s s i b l e to assign some of the bands 
to p a r t i c u l a r luminescent centres i t i s by no means 
p o s s i b l e to e x p l a i n a l l the broad bands observed. The 
wavelengths of the various bands are recorded i n Table 6.2, 
and an energy band diagram depicting a l l the r a d i a t i v e 
t r a n s i t i o n s discussed i n t h i s t h e s i s 4s shown i n Figure 6.8. 
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The work on the photoluminescence of the 
copper doped c r y s t a l s i n d i c a t e s that the green (5290 R) 
o 
and red (6250 A) bands are due to s u b s t i t u t i o n a l copper. 
From the experimental observation of the e f f e c t s of 
varying the e x c i t a t i o n i n t e n s i t y the green emission i s 
a t t r i b u t e d to a t r a n s i t i o n between an e l e c t r o n at the 
++ 
bottom of the conduction band and the Cu l e v e l , while 
the red emission i s considered to be a t r a n s i t i o n from a 
donor l e v e l to the d i f f e r e n t Cu + l e v e l . The donor l e v e l 
has been c a l c u l a t e d to l i e at about 0.013 eV below the 
conduction band and a f t e r using the c o r r e c t i o n f a c t o r for 
the coulombic i n t e r a c t i o n the binding energy becomes 
0.032 eV, which i s i d e n t i c a l with that reported e a r l i e r 
i n t h i s t h e s i s for na t i v e donors which are presumably 
selenium vacancies. The copper acceptor l e v e l s c a l c u l a t e d 
from the photon energies of the green and red emission 
are some 0.47 and 0.83 eV above the valence band 
r e s p e c t i v e l y . S t r i n g f e l l o w and Bube (2,3) a l s o proposed 
a model i n v o l v i n g m u l t i v a l e n t copper to account for these 
two emissions, and t h e i r r e s u l t s are i n e x c e l l e n t agreement 
with those reported here. However they used a d i f f e r e n t 
value of the energy gap and consequently found values of 
0.35 and 0.72 eV for the copper acceptor l e v e l s and 
0.012 eV for the donor l e v e l . 
With copper doped c r y s t a l s edge emission was 
only observed i n the samples grown i n the presence of 
copper s e l e n i d e . When copper chloride was used no edge 
emission was found. F a i r l y c l e a r l y the use of copper 
se l e n i d e with i t s low vapour pressure leads to a l i g h t l y 
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doped sample whereas copper chloride has a higher vapour 
pressure so that more copper would be incorporated. At 
the same time copper would be incorporated more r e a d i l y 
i n the presence of c h l o r i n e when charge compensation would 
occur. The bound exciton emission, i . e . the 1^, I^-1L0 
and I j - 2 L 0 , l i n e s i n the (CuSe, Zn) c r y s t a l was very 
intense and s i m i l a r to t h a t i n the undoped samples grown 
i n excess z i n c . On the other hand the zero phonon p a i r 
band S£ was weak and only j u s t detectable. Once a g a i n 
there appears to be no c o r r e l a t i o n between the i n t e n s i t y 
of the 1^ l i n e s and the d i s t a n t p a i r emission. A reasonable 
hypothesis would be t h a t the 1^ l i n e a t 4462 8 i s a s s o c i a t e d 
with s u b s t i t u t i o n a l copper whereas the d i s t a n t p a i r bands 
are a s s o c i a t e d with n a t i v e acceptors. A l l the 1^ l i n e s 
observed i n a l l the samples examined lay w i t h i n 3 8 of 
4462 R except i n the sample doped with l i t h i u m where the 
1^ l i n e was detected at 4472 R. Since copper and l i t h i u m 
were the only acceptors to be used during t h i s work i t 
seems reasonably to suggest that in f a c t only two d i f f e r e n t 
1^ l i n e s have been observed. I t i s w e l l known that copper 
i s a r e s i d u a l contaminant which i t i s d i f f i c u l t to remove 
from I I - V I compounds. I t could w e l l be that the observa-
t i o n of an emission l i n e at 4462 8 i n d i c a t e s the presence 
of t h i s contaminant i n many of our samples. 
The weak LES of d i s t a n t p a i r bands i n the 
copper doped sample was again i d e n t i c a l to the S£ s e r i e s 
which i s t y p i c a l of samples grown i n excess z i n c . The 
corresponding high energy N£ s e r i e s was not detected at 
65 K. This may be the r e s u l t of the presence of other 
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free-to-bound recombination routes i n a c r y s t a l 
d e l i b e r a t e l y doped with an acceptor impurity such as 
copper. To r e s o l v e such an i s s u e i t would be necessary 
to measure the response times of the various emissions. 
One obvious d i f f e r e n c e i n the observed emission 
spectra of the (CuSe, Zn) and (CuCl 2, Zn) c r y s t a l s (see 
Figures 6.1 and 6.3), was that an intense yellow band was 
observed i n the ( C u C l 2 , Zn) samples. This emission i s 
a t t r i b u t e d to the c h a r a c t e r i s t i c c h l o r i n e s e l f - a c t i v a t e d 
emission. An i d e n t i c a l emission band was observed i n the 
(MnCl 2, Zn) and (MnCl 2+Al, flow-run) c r y s t a l s (see 
Figures 6.6 and 6.7) which did not appear i n other manganese-
doped samples when c h l o r i n e was not used. The work on 
samples doped with c h l o r i n e only f which was described i n 
the preceding chapter, showed that the band c h a r a c t e r i s t i c 
of c h l o r i n e was centred at 5890 8. There can be l i t t l e 
doubt therefore that a yellow band at 5840 & i s c h a racter-
i s t i c of c h l o r i n e . 
One of the major su b s i d i a r y i n t e r e s t s in t h i s 
work was to t r y and determine the s p e c t r a l p o s i t i o n of the 
c h a r a c t e r i s t i c manganese emission and at the same time to 
f i n d a s a t i s f a c t o r y way of introducing s u b s t i t u t i o n a l Mn 
i n the ZnSe. The r e s u l t s recorded i n Table 6.2 allow us 
++ 
to conclude that Mn leads to a c h a r a c t e r i s t i c emission 
band centred a t 6040-6060 A*. L i t t l e manganese was 
incorporated when attempts were made to introduce the 
dopant v i a manganese s e l e n i d e . Thus when manganese selenide 
was used i n the flow process or in the sealed capsule with 
an excess of z i n c , no band at 6060 8 was observed. A band 
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i n the red at 6180 & was observed, p a r t i c u l a r l y i n the 
samples grown i n excess zinc w i t h MnSe added, but the 
s p e c t r a l s h i f t of t h i s band w i t h temperature in d i c a t e s 
t h a t i t i s a s e l f - a c t i v a t e d emission. 
The most s a t i s f a c t o r y way of introducing man-
ganese was t o use manganese c h l o r i d e . Atomic absorption 
spectroscopy showed t h a t up t o 200O p.p.m. were incorporated 
i n a c r y s t a l grown i n a sealed capsule from a charge of 
ZnSe plus m e t a l l i c Mn while the r e s e r v o i r contained MnCl 2. 
This i s the sample designated (MnCl2+Mn). These c r y s t a l s 
showed the c h a r a c t e r i s t i c manganese emission but the 
yellow emission at 5890 R associated wi t h c h l o r i n e was much 
more intense. 
When aluminium was used i n conjunction w i t h man-
ganese or manganese compounds i n the flow process the 
r e s u l t a n t c r y s t a l s emitted i n the c h a r a c t e r i s t i c manganese 
band. No yellow band was detected except i n the sample 
where manganese ch l o r i d e had been used during growth. 
However i n each of the three types of sample containing 
manganese and aluminium a green band was observed at about 
5450 K . This i s very probably a band c h a r a c t e r i s t i c of 
aluminium. Many d i f f e r e n t green bands have been observed 
i n the course of t h i s work but one q u i t e notable feature 
i s t h a t a band near 5490 £ has been observed i n a l l c r y s t a l s 
doped w i t h group I I I i m p u r i t i e s , i . e . A l , I n and Ga. I t 
i s d i f f i c u l t t o be c e r t a i n of how many green bands there 
are but undoubtedly a band near 5300 $ i s c h a r a c t e r i s t i c 
of copper and one at 5490 R indicates a group I I I i m p u r i t y . 
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I t i s questionable whether there i s any great 
b e n e f i t t o be derived from speculating on the atomic nature 
of the centres responsible f o r the various luminescent 
t r a n s i t i o n s reported i n t h i s t h e s i s . However, f o r complete 
ness some remarks are necessary, see also Figure 6.8. 
A study of the wavelengths of the various broad 
bands l i s t e d i n Table 6.2 shows tha t the bands can be 
divi d e d roughly i n t o four groups. Thus there are two group 
of green bands; i n one group the wavelengths l i e between 
5200 and 5300 8 and i n the other the wavelengths range 
o 
from 5450 t o 5500 A. There i s also a yellow group w i t h 
wavelengths from 5820 t o 5900 8 and a red group w i t h wave-
lengths between 6040 and 6230 A*. 
From the r e s u l t s reported here i t seems 
reasonable t o assert t h a t copper i s associated w i t h a green 
band at 5290 A* and a red one at 6250 8. I t might be 
reasonable t o assume t h a t most of our samples were contam-
inated w i t h copper and t h a t t h i s could account f o r the 
band at 5230 8 observed i n many samples not d e l i b e r a t e l y 
doped w i t h copper. However t h i s seems u n l i k e l y f o r two 
reasons:-
(1) The s p e c t r a l p o s i t i o n of the copper green band 
d i d not s h i f t when the i n t e n s i t y of the e x c i t a t i o n was 
v a r i e d , whereas a d e f i n i t e s h i f t was detected w i t h the 
band at 5230 8. 
(2) A l l the samples doped w i t h A l , I n , Ga or CI 
f a i l e d t o show the 5230 A* green band. We conclude t h a t 
t h i s band i s d i f f e r e n t from the copper one and i n f a c t 
t h a t there are at l e a s t three green bands since every 
sample d e l i b e r a t e l y doped w i t h a group I I I i mpurity or 
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c h l o r i n e had a green emission at about 5480 A*. 
Referring back t o Chapter 4 i t w i l l be r e c a l l e d 
t h a t undoped c r y s t a l s grown i n excess zinc e x h i b i t e d a 
green band at 5230 8 whereas those grown i n excess selenium 
had a green band at 5560 Assuming no contaminating 
i m p u r i t i e s are involved there are e i t h e r two q u i t e d i f -
f e r e n t n a t i v e acceptors present or a l t e r n a t i v e l y some 
d i f f e r e n t complexes of the basic p o i n t defects are formed 
depending on the atmosphere during growth. 
Since a green band at about 5500 A* i s found 
both i n undoped samples grown i n excess selenium and i n 
samples doped w i t h the elements of groups I I I and V I I i t 
i s tempting t o assume t h a t t h i s band indicates the presence 
of zinc vacancies. Simple arguments based on the p r i n c i p l e 
of charge compensation req u i r e t h a t zinc vacancies are 
+++ 
produced when ZnSe i s heated i n excess Se or when In 
or CI ions are s u b s t i t u t e d . The band at 5500 5? would 
then be explained i n terms of a t r a n s i t i o n i n which a 
free e l e c t r o n i n the conduction band recombines w i t h a 
hole at the zinc vacancy acceptor. 
The yellow band at about 5850 ft was observed 
i n samples d e l i b e r a t e l y doped w i t h I n , Ga or CI. I t could 
w e l l be t h a t t h i s band i s associated wi t h a complex centre 
c o n s i s t i n g of a zinc vacancy and a fo r e i g n donor at 
nearest neighbour s i t e s . I n ZnS such an associate i s 
r e f e r r e d t o as an A-centre and has been shown t o be 
responsible f o r the s e l f - a c t i v a t e d blue emission of t h a t 
m a t e r i a l . Work i n t h i s department on the Ha l l c o e f f i c i e n t 
and e l e c t r i c a l c o n d u c t i v i t y of ZnSe doped with donor 
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i m p u r i t i e s (13) has shown t h a t both deep and shallow 
donor l e v e l s are produced by I n , Ga or CI but t h a t alumin-
ium seems t o lead t o shallow donors only. I t could be 
the r e f o r e t h a t the yellow band i n I n , Ga or CI doped 
m a t e r i a l corresponds t o the red (6230 8) band i n aluminium 
doped samples and t h a t a l l these bands are a t t r i b u t a b l e 
t o complexes of the A-centre type. The remaining s e l f -
a c t i v a t e d band at 6150 8 or thereabouts could then be 
evidence of the existence of an A-centre formed from 
n a t i v e donors and acceptors, i . e . zinc and selenium 
vacancies. 
This explanation i s s e l f consistent as f a r as 
i t goes but leaves two d i f f i c u l t i e s , (1) no account i s 
given of the nature of the centre responsible f o r the 
short-wave green band at 5230 8 and (2) i f e i t h e r one 
or both of the S and S" series of edge emission bands 
o o 
are a t t r i b u t a b l e t o t r a n s i t i o n s i n v o l v i n g native acceptors, 
the n a t i v e acceptors must have at l e a s t two l e v e l s of 
i o n i z a t i o n i n order t o be involved w i t h both green and 
edge emission. The l a t t e r d i f f i c u l t y could be overcome 
by suggesting t h a t a zinc vacancy can capture one or two 
holes, the second of which would l i e i n a r e l a t i v e l y 
shallow l e v e l and hence be responsible f o r the edge 
emission. An a l t e r n a t i v e explanation invoked by Brown 
et a l . (14) f o r CdS might be t h a t the recombination 
leading t o edge emission involves an excited hole state 
of the acceptor. 
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CHAPTER 7 
OPTICAL TRANSMISSION AND ABSORPTION 
IN UNDOPED AND DOPED CRYSTALS 
7.1 I n t r o d u c t i o n 
Measurements of the spe c t r a l dependence of trans-
mission, absorption and r e f l e c t i o n c o e f f i c i e n t s are useful 
independent methods f o r studying the energy gap and band 
s t r u c t u r e of I I - V I compounds. Thus, i n an attempt t o 
learn more about the various e l e c t r o n i c t r a n s i t i o n s i n ZnSe, 
the transmission and absorption spectra of undoped and doped 
c r y s t a l s were measured i n the wavelength region from 4000 
t o 7200 8. The spectra were obtained from mechanically 
and chemically, polished p a r a l l e l - s i d e d plates of widely 
d i f f e r i n g thickness (see Chapter 3). 
I n general the absorption c o e f f i c i e n t increases 
r a p i d l y as the photon energy approaches the value of the 
energy gap. The magnitude of the absorption c o e f f i c i e n t 
2 6 —1 
then l i e s i n the range 10 - 10 cm . The marked increase 
i n the absorption c o e f f i c i e n t w i t h decreasing wavelength 
i s c h a r a c t e r i s t i c of a l l semiconductors and i s responsible 
f o r what i s c a l l e d the absorption edge. With decreasing 
photon energies below the absorption edge, the absorption 
c o e f f i c i e n t gradually drops and the c r y s t a l becomes 
in c r e a s i n g l y transparent. 
The large increment i n the absorption c o e f f i c i e n t 
i s due t o the onset of absorption i n which electrons are 
ex c i t e d from the valence band across the forbidden energy 
gap t o the conduction band. The work described i n t h i s 
chapter has been devoted t o a study of the absorption edge 
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and defect s t r u c t u r e t o t r y and obtain some information 
about the energy gap and the states close t o the band 
edges. 
In the i n v e s t i g a t i o n of the absorption edge, most 
of the transmission measurements were made on very t h i n 
samples using the Optica spectrophotometer. The values 
of the absorption c o e f f i c i e n t s , r e f l e c t i o n c o e f f i c i e n t s and 
r e f r a c t i v e indexes were calculated using Fortran-4 computer 
programs. Some absorption spectra were also measured 
d i r e c t l y on t h i c k samples using the Bausch and Lomb spectro 
graph. I n t h i s chapter the observed transmission spectra 
and c a l c u l a t e d absorption and r e f l e c t i o n c o e f f i c i e n t s are 
discussed f o r both undoped and doped samples. Then follows 
a d e s c r i p t i o n of the r e s u l t s obtained from the d i r e c t l y 
observed absorption spectra of MnC^ doped c r y s t a l s . 
7.2 Transmission and absorption spectra of undoped 
c r y s t a l s 
Transmission spectra of two undoped c r y s t a l s 
(grown w i t h zinc r e s e r v o i r s ) No.113 and 155 were measured 
using s l i c e s of two d i f f e r e n t thicknesses. The observed 
transmission spectra are shown i n Figure 7.1. I n both 
samples the transmission rose sharply at about 4690 8 at 
room temperature and t h e r e a f t e r increased slowly as the 
wavelength was increased. The curves at 85 K are s i m i l a r 
but the transmission minimum s h i f t s towards shorter wave-
lengths w i t h decreasing temperature. The r a p i d increase 
occurred at about 4470 ft at 85 K. I f interference e f f e c t s 
are ignored, the transmission of a p a r a l l e l p l ate of 
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thickness d i s ( 1 ) , 
2 (1-R) 2 e" a d ( l + k T ) 
T = 2 -2 a d n " ( 1 ) 
where a i s the absorption c o e f f i c i e n t , R i s the c o e f f i c i e n t 
of r e f l e c t i o n , n i s the r e f r a c t i v e index and k i s the 
e x t i n c t i o n c o e f f i c i e n t (k = otA/4ir). For most transmission 
2 2 
experiments k <<n . I f d i s then chosen t o ensure t h a t 
R2 e 2 c i d < < l , equation (1) takes the very simple form o f , 
T = (1-R) 2 exp(- ad) (2) 
Hence, the absorption c o e f f i c i e n t a can be obtained by 
measuring the transmission of two samples of d i f f e r e n t 
thickness without knowing the r e f l e c t i o n c o e f f i c i e n t 
provided i t i s the same f o r both samples. 
Using equation (2) w i t h the transmission data 
described above f o r c r y s t a l s Nos.155 and 113 the absorption 
c o e f f i c i e n t was c a l c u l a t e d using a Fortran-4 computer 
program. The output of the computer p l o t t e r g i v i n g the 
absorption c o e f f i c i e n t at 296 and 85 K i s shown i n 
Figure 7.2. With both c r y s t a l s the absorption c o e f f i c i e n t 
increased steeply at about 4700 ft at 296 K and 4480 ft at 
85 K. There i s no evidence of s t r u c t u r e at the longer 
wavelengths, although small peaks and shoulders may be 
seen at noise l e v e l i n the t a i l of the absorption edge. 
Examination of the spectrum i n t h i s region w i t h higher 
r e s o l u t i o n i n d i c a t e d the presence of four very small peaks 
at about 4560, 4585, 4820 and 4880 ft i n c r y s t a l No.155 
at 85 K. No evidence of exciton absorption was found. 
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I n order t o determine the forbidden gap of the two 
c r y s t a l s , d i r e c t absorption processes were assumed and 
the square of the absorption c o e f f i c i e n t was p l o t t e d as a 
f u n c t i o n of photon energy. The r e s u l t a n t curves are shown 
i n Figure 7.3. E x t r a p o l a t i o n of the s t r a i g h t l i n e portions 
2 
t o a = 0 , gives a value of the forbidden gap of 2.634 eV 
at room temperature and 2.765 eV at 85 K f o r both c r y s t a l s . 
These values would appear t o be about 0.03 eV lower than 
previously published r e s u l t s i . e . 2.67 eV at 300 K (2) 
and 2.809 eV at 79 K ( 3 ) . 
The r e f l e c t i o n c o e f f i c i e n t s were computed using 
the c a l c u l a t e d absorption c o e f f i c i e n t s i n equation ( 2 ) , 
the r e s u l t a n t r e f l e c t i o n spectra are shown i n Figure 7.4. 
In t h i s p r e l i m i n a r y c a l c u l a t i o n of r e f l e c t i o n c o e f f i c i e n t , 
two d i f f e r e n t curves were found f o r two d i f f e r e n t samples. 
A value of the r e f r a c t i v e index of 3.18 was found f o r 
A = 5890 8 . This should be compared w i t h previously 
published values of 2.89 (4) and 2.61 (5). 
7.3 Transmission and absorption spectra of doped c r y s t a l s 
Transmission spectra of ; A l , Ga, I n , C l , CuSe and 
MnC^ doped boules (grown w i t h zinc reservoirs) were also 
measured i n the same wavelength region of 4000 t o 7200 8 
and the r e s u l t s are shown i n Figure 7.5. 
As seen from the curves of Figure 7.5 a l l doped 
c r y s t a l s , except t h a t grown w i t h CuSe, show s i m i l a r and 
s t r u c t u r e l e s s transmission spectra. However, the trans-
mission was q u i t e sharp i n samples doped w i t h group I I I 
i m p u r i t i e s and noticeably less sharp i n samples doped w i t h 
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Figure 7.3 The square of the absorption coefficient versus photon 
energy in ZnSe crystals at two different temperatures. 
- 157 -
CI and MnC^. With the CuSe doped c r y s t a l the t r a n s -
mission curve suggests t h a t two broad absorption bands 
are present. 
The absorption c o e f f i c i e n t s of the various doped 
samples have been computed and are p l o t t e d i n Figure 7.6. 
Once again, except f o r the CuSe doped c r y s t a l , no s t r u c t u r e 
was observed near the absorption edge at 85 K. I t i s 
clear however t h a t near band-gap absorption i s q u i t e strong 
i n chlorine-doped samples. 
The most i n t e r e s t i n g r e s u l t s were obtained w i t h the 
CuSe doped c r y s t a l which shows three broad bands below the 
absorption continuum at about 4600, 5050 and 6750 ft. The 
bands at 5050 and 6750 ft may be due t o i n t e r n a l t r a n s i t i o n s 
10 + 9 ++ w i t h i n the 3d s h e l l of Cu and 3d s h e l l of Cu ions on 
the s u b s t i t u t i o n a l zinc s i t e s . Similar bands have also 
been reported by Pappalardo and Dietz i n CdS:Cu c r y s t a l (6). 
7.4 O p t i c a l absorption of MnCl 2 doped c r y s t a l s 
I n an attempt t o determine the p o s i t i o n of the man-
ganese energy l e v e l s i n the ZnSe c r y s t a l f i e l d , the absorp-
t i o n spectra of c r y s t a l s grown i n the presence of MnCl^ 
(see Chapter 6, Section 6) were examined using polished 
s l i c e s 5 mm. t h i c k . I n these experiments the Bausch and 
Lomb g r a t i n g spectrograph was used t o record the t r a n s -
mission photographically. 
Densitometer traces of the absorption spectra at 
10 K f o r one (MnCl 2 + Mn) and two (MnCl 2, Zn) c r y s t a l s 
are shown i n Figure 7.7. The absorption spectra of the 
two (MnCl 2, Zn) samples ( c r y s t a l No.163 dotted curve and 
c r y s t a l No.222 dotted and dashed cruve) both of which 
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Figure 7.4 Reflection spectrum of undoped ZnSe crystals 
at 85 °K. 
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contained a low concentration of manganese (20-50 p.p.m.), 
show no s t r u c t u r e below the absorption continuum. However 
the absorption spectrum of the (MnCl 2 + Mn) doped c r y s t a l 
No.213 containing a high concentration of manganese 
(2000 p.p.m.) d i d e x h i b i t broad bands and sharp l i n e s i n 
the region of the absorption t a i l at 10 K. The continuous 
curves of Figure 7.7. show t h a t a broad band at 5050 & 
was superimposed on t o the t a i l of the absorption edge. 
On the low energy side of t h i s band a doublet appeared w i t h 
components at 5134.8 and 5137.4 The half- w i d t h s of the 
components were about 1 8. The l i n e at 5137.4 8 was 
approximately twice as intense as tha t at 5134.8 Rather 
broader and weaker l i n e s were also apparent at. about 5086, 
5097 and 5119 S. The broad band centred at 5050 A* and i t s 
6 4 
associated s t r u c t u r e corresponds t o the A^ —• T 2 t r a n s i t i o n 5 ++ w i t h i n the 3d s h e l l of the Mn i o n . Phonon coupling 
occurs and t h i s accounts f o r the f i n e s t r u c t u r e . The l i n e 
at 5137.4 8 i s probably the zero phonon l i n e . Similar 
o p t i c a l absorption spectra i n ZnSe:Mn have been reported 
p r e v i o u s l y by Langer and Richter (7) and the spectrum 
reported here has r e c e n t l y been discussed by Jones and 
Woods (8). 
In t h e i r work on melt grown ZnSe:Mn c r y s t a l s , 
Langer and Richter (7) were able t o observe three absorption 
bands at 4.2 K which correspond to the f o l l o w i n g t r a n s i t i o n s 
++ • 
i n the t e t r a h e d r a l l y co-ordinated Mn ion i n zinc selenide: 
6 4 6 4 6 4 4 A 1-**T 1, °A 1 ->- T 2 and A]L-»- *A , E. They were 
studying phonon coupling and reported one zero phonon l i n e 
6 4 4 
f o r the A^ —> A^, E absorption band and a zero phonon 
6 4 
doublet f o r the An T_ absorption band, together w i t h 
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other phonon l i n e s . No phonon s t r u c t u r e was observed 
6 4 
w i t h the A^ —> T^ absorption band. Using t h i s i n t e r p r e -
t a t i o n t o e x p l a i n the spectrum of the (MnCl2+Mn) doped 
c r y s t a l No.213 the most c l e a r l y resolved broad band 6 4 6 4 corresponds t o the A^ -> T 2 t r a n s i t i o n . The A^ A^, 
t r a n s i t i o n at higher energies was not observed, neither 
was t h a t at the lowest energy, although i t does appear 
a f t e r heat treatment (see l a t e r ) . With our sample the 
6 4 
maximum of the broad band associated w i t h the A^ -> T 2 
t r a n s i t i o n l i e s at 5050 8 compared w i t h the value of 
4995 $ reported by Langer and Richter (7). Phonon s t r u c t u r e 
s i m i l a r t o t h a t reported by Langer and Richter f o r t h i s 
band i s q u i t e evident. The zero phonon l i n e i s s p l i t by 
2.6 8 (10 cm ^) and the more intense longer wavelength 
component l i e s at 5137.4 X. Langer and Richter found the 
same s p l i t t i n g w i t h the longer wavelength component at 
5102.6 8. As f o r the s t r u c t u r e at higher energies i n 
Figure 7.7, the displacements from the zero phonon l i n e 
of the three features marked are 18.4 (71 cm ^) , 
40.4 (154 cm"3'Vand4.8.4 (197 cm"1) 8. I t i s i n t e r e s t i n g 
t o note t h a t C a r n a l l et a l . (9) have reported m u l t i p l e -
phonon absorption spectra i n ZnSe and have found the 
f o l l o w i n g l a t t i c e phonons at the X and L points on the 
o - l o zone boundary: TA V = 17.4 A (69 cm • ) , LA = 41.2 A 
(160 cm"1) and T0 V = 48.8 8 (200 cm" 1). 
I n an attempt t o remove any contaminating copper 
and other i m p u r i t i e s , and also because ZnSe:Mn used f o r 
electroluminescent lamps i s subjected t o the same t r e a t -
ment, the (MnCl~+Mn) doped c r y s t a l No.213 was annealed 
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i n molten zinc f o r 15 days at 850°C. The absorption 
spectrum measured a f t e r t h i s treatment i s shown by the 
dashed cruve i n Figure 7.7. The r e s u l t i n g densitometer 
trace was almost i d e n t i c a l t o the o r i g i n a l curve, but two 
new phonon bands could now be resolved at 5074 and 5112 A*. 
The zero phonon l i n e s had s h i f t e d s l i g h t l y towards shorter 
wavelengths w i t h maxima at 5134.3 and 5136.9 A5. At the 
same time the longer wavelength absorption band w i t h a 
maximum at 5340 £ was now detectable. The phonon st r u c t u r e 
associated w i t h the 5050 £ band was much more c l e a r l y 
resolved and new separations from the zero phonon l i n e 
were found at about 24.9 A* (97 cm"1) and 62.9 & (242 cm" 1). 
These separations are s i m i l a r t o the reported phonon wave-
lengths of TAT = 24.2 8 (95 cm"1) and L0 V or LO^, 59.6 £ 
jj x r 
(237 cm"1) or 62.9 & (242 cm" 1). These modes were 
determined by C o r n a l l e t a l . (9) and Reynolds et a l . (10) . 
The appearance of the rather weak longer wavelength 
band and e x t r a phonon l i n e s f o l l o w i n g heat treatment i n 
zinc may w e l l be associated w i t h the removal of a small 
trace of copper i m p u r i t y from the c r y s t a l . Copper leads 
t o an absorption band at around 5050 A* (see Section 7.3). 
Therefore i t i s reasonable t o suggest t h a t heating i n 
l i q u i d zinc removes the copper impurity from the c r y s t a l 
but has no e f f e c t on the s t a t e of s u b s t i t u t i o n of the 
manganese i n the zinc selenide l a t t i c e . Consequently the 
manganese t r a n s i t i o n can be observed more c l e a r l y a f t e r 
heat treatment i n zinc. 
7.5 Discussion 
A l l the absorption measurements reported here were 
o CD CD 
CM 
rd 
ID 
C O C O 0) L O CN voveg nrt 
0) CD OCT) CO C O O C <D CN C O - • pom c LO-^ 
C O fu CN 73 
- t -» in 2 (B c 
o 4= i L O CD CN C O 
L O 
CN 
CN 
CO CN CO" • in Cs) 
8 o 1 ID CN 
8-VC19 o k1 <f 2 6U9 ZU9 d<2 o J3 C O rd O rd VZ609 T LD CN f in 7 V9809 / u y%09 / LO CO 8 LO V0909 IN / L O CN 
/ 
a. / CD O 8 CN LO 
CN CN 
'1 CN CN in c u 
C O CD 5 2 1 *** 
J ° I L O L O •CD 
CN in a) 
in 
C O 
L O 
5 CN 8 LO CN CD C O 00 CD (sj jun AJBJiiqjH) uoijdjosqy 
- 161 -
made on r e l a t i v e l y t h i c k samples such as are normally 
used t o obtain information about i m p u r i t y or defect 
absorption processes w i t h small o s c i l l a t o r strengths. 
To study excitons i n absorption i t i s necessary t o use 
t h i n specimens so t h a t the excitons can be observed i n 
a wavelength region where the continuous absorption 
c o e f f i c i e n t i s high. Since no measurements were made on 
such samples i t i s not s u r p r i s i n g t h a t no exciton 
absorption was observed. 
The measured absorption spectra of undoped samples, 
and of those doped w i t h A l , Ga, I n and CI, y i e l d 
r e l a t i v e l y l i t t l e i n f o r m a t i o n . Reasonable values have 
however been obtained f o r the forbidden gap i n ZnSe and 
the v a r i a t i o n of the square of the absorption c o e f f i c i e n t 
w i t h photon energy confirms the accepted view t h a t 
absorption processes i n ZnSe are d i r e c t . The samples 
doped w i t h elements of group I I I show no evidence of 
deep-centre absorption at a l l , but c r y s t a l s containing 
c h l o r i n e do have an appreciable impurity absorption region 
close t o the absorption edge. However no s t r u c t u r e was 
resolved at 85 K. I t might be p r o f i t a b l e t o repeat the 
experiment at helium temperatures. 
Evidence of deep-centre absorption was observed i n 
the c r y s t a l grown i n the presence of CuSe. Jones (11) 
has shown t h a t the red copper emission i s excited i n a 
band at 5100 & but he was unable t o measure the e x c i t a -
t i o n spectrum of the copper green emission. I t may w e l l 
be t h a t the absorption bands observed at 4600 and 5050 8 
correspond t o the e x c i t a t i o n bands f o r the green and red 
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copper emissions r e s p e c t i v e l y . By analogy w i t h ZnS 
and CdS i t might be expected that the absorption at 
6750 & i s associated w i t h i n f r a - r e d luminescence. The 
r e s o l u t i o n of these problems c a l l s f o r f u r t h e r work. 
The absorption spectrum of the sample most heavily 
doped w i t h manganese was by f a r the most i n t e r e s t i n g . 
Two broad bands were observed at 5340 and 5050 A* which 
6 4 6 4 correspond t o the A^ T^ and A^ —> T 2 t r a n s i t i o n s 
++ 
between the l e v e l s of the i s o l a t e d Mn ions. The band 
at 5050 & was much the stronger and displayed considerable 
phonon s t r u c t u r e . The zero phonon l i n e was s p l i t i n t o 
an e a s i l y i d e n t i f i a b l e doublet. The reason f o r the 
s p l i t t i n g i s not known. The other s t r u c t u r a l features 
are a l l separated from the zero phonon l i n e by energies 
which can be c l o s e l y c o r r e l a t e d w i t h those of l a t t i c e 
phonons i n ZnSe. Thus we observe f i v e phonon l i n e s w i t h 
separations of 71/ 97, 154, 197 and 2 42 cm from the 
zero phonon l i n e , which are i d e n t i f i e d as TA , L0 V, LA V, 
A A A 
T0 X and L0 r. X and r r e f e r t o the usual points w i t h i n 
the B r i l l o u i n zone. I t i s clear t h a t the e l e c t r o n i c 
++ 
t r a n s i t i o n s i n the Mn ion couple w i t h the l a t t i c e 
phonon spectrum. 
Jones and Woods (8) have studied the e x c i t a t i o n 
spectrum of the c h a r a c t e r i s t i c manganese emission. They 
found three e x c i t a t i o n bands at 4650, 5025 and 5370 £ at 
85 K. The two longer wavelength bands are c l e a r l y 
i d e n t i c a l w i t h the two absorption bands reported here. 
6 4 
The e x c i t a t i o n process A^ —>• T^ which leads t o the 
absorption band at 5340 8 i s c l e a r l y the reverse of the 
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luminescence emission process which leads to the band 
at 6060 R. 
++ 6 I n an i s o l a t e d Mn ion the ground s t a t e i s S and 
4 
the f i r s t e x c i t e d state i s G. I n the t e t r a h e d r a l c r y s t a l 
f i e l d of the ZnSe the ground state i s unaffected and 
6 4 4 4 4 4 becomes A^ whereas G s p l i t s i n t o , and E, A^ 
and other higher l e v e l s . Transitions t o these l a t t e r 
higher bands are obscured by the onset of o p t i c a l absorp-
t i o n i n the host l a t t i c e . 
F i n a l l y i t should be emphasised t h a t heating a 
manganese doped sample i n l i q u i d zinc does not remove 
the manganese from the c r y s t a l even though the luminescence 
emission i s changed by t h i s treatment. Copper and other 
i m p u r i t i e s are removed so t h a t the manganese absorption 
i s more c l e a r l y observed. 
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CHAPTER 8 
CONCLUSIONS 
8.1 I n t r o d u c t i o n 
The edge emission of a large number of c r y s t a l s of 
zinc selenide has been studied extensively and i t i s clear 
t h a t acceptor states l y i n g about 1/10 eV above the valence 
band and shallow donors are responsible f o r the edge 
emission i n both the undoped and doped samples. The 
spectra of most ZnSe c r y s t a l s e x h i b i t i n g edge emission 
under U.V. e x c i t a t i o n , u s u a l l y contain sharp l i n e s and 
broad bands which are a t t r i b u t e d r e s p e c t i v e l y t o bound 
exciton recombination and recombination of free or trapped 
electrons w i t h holes trapped at the acceptor centres. In 
the bound exciton spectra a weak l i n e and a more intense 
1^ l i n e were u s u a l l y observed ( i n some cases the 1^ l i n e 
appeared as a close doublet separated by about 10 R ) . LO 
phonon coupling was more pronounced w i t h the 1^ than w i t h 
the I 2 l i n e s ( 1 ) . The broad bands occurred as a series of 
LO phonon r e p l i c a s . At 77 K the so-called high energy 
series (HES) was observed, t h i s arises from the recombina-
t i o n of fre e electrons w i t h holes bound t o acceptors. At 
l i q u i d helium temperatures the HES i s quenched and i s 
replaced by the low energy series (LES) which r e s u l t s from 
the recombination of electrons bound t o shallow donors 
w i t h holes bound at the same acceptors (2). I t i s believed 
t h a t the observation of the same I 2 l i n e i n a l l the c r y s t a l s 
i n d i c a t e s the presence of the same donors i n a l l the 
samples. This i s probably a native defect, possibly a 
selenium vacancy. I t has not been possible t o f i n d a 
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connection between the acceptors responsible f o r the 1^ 
l i n e s and those associated w i t h the broader edge emission. 
However, the purpose of t h i s chapter i s t o summarize 
b r i e f l y the i m p l i c a t i o n of the r e s u l t s and as a consequence 
t o give some suggestions f o r f u r t h e r work. 
8.2 Acceptor Centres 
The c r y s t a l s studied during the course of t h i s 
research were generally grown under excess p a r t i a l pressures 
of the c o n s t i t u e n t elements and i t was found t h a t the 
o p t i c a l p r o p e r t i e s of samples grown i n excess zinc were 
s i g n i f i c a n t l y d i f f e r e n t from those of samples grown i n 
excess selenium. For t h i s reason undoped c r y s t a l s grown 
i n three d i f f e r e n t ways were examined and at lea s t three 
d i s t i n c t p a i r s of edge emission series (S and N bands) 
were observed. I n any one c r y s t a l two of these S and N 
p a i r s of series were observed. The N series were a t t r i b u t e d 
t o free-to-bound t r a n s i t i o n s a t 65 K and the S t o bound-to-
bound t r a n s i t i o n s at 10 K. The edge emission spectra of 
the flow run c r y s t a l s were i d e n t i c a l t o those of c r y s t a l s 
grown i n excess selenium. A l l c r y s t a l s have one p a i r of 
edge emission bands i n common, i . e . those l a b e l l e d S Q, 
N Q. Crystals grown i n excess selenium also e x h i b i t the 
S', N' p a i r s whereas w i t h those grown i n excess zinc the o o 
S", N" p a i r i s dominant. Thus, i t i s concluded t h a t three o o 
d i s t i n c t acceptor states must be involved i n our undoped 
samples w i t h i o n i z a t i o n energies of 0.095, 0.112 and 0.122 
eV. The deepest acceptor was the one common t o a l l three 
types of c r y s t a l and may w e l l be associated w i t h a common 
acceptor-type i m p u r i t y . 
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With the m a j o r i t y of the doped c r y s t a l s the same 
three S and N p a i r s of bands were found w i t h the N com-
ponents at e x a c t l y the same wavelengths as the correspond-
ing bands i n undoped samples grown i n the same way. Once 
again three i d e n t i c a l acceptor states were responsible f o r 
the observed emission. Since doping w i t h donor type 
i m p u r i t i e s such as CI and I n would introduce n a t i v e 
acceptors such as zinc vacancies f o r charge compensation 
purposes, the r e s u l t s tend t o suggest t h a t the N^ and KT 
bands are associated w i t h these native acceptors. Only 
two f o r e i g n acceptors were examined. No edge emission 
which could be i d e n t i f i e d as c h a r a c t e r i s t i c of copper could 
be found. This i s consistent wi t h the idea t h a t copper 
forms deep acceptor l e v e l s which are responsible f o r the 
broad band emission at longer wavelengths. With l i t h i u m 
a d i f f e r e n t edge emission spectrum was observed and an 
acceptor i o n i z a t i o n energy of 0.099 eV was obtained. This 
does not agree w i t h the value of 0.114 eV reported by 
Merz e t a l (3) f o r l i t h i u m doped ZnSe. I t would be 
valuable t o examine c r y s t a l s doped w i t h other a l k a l i metal 
i m p u r i t i e s . 
Most of the c r y s t a l s grown I n excess zinc show two 
1^ l i n e s . The energy d i f f e r e n c e between the l i n e s was 
6 meV which should correspond t o a d i f f e r e n c e i n acceptor 
depth of ^60 meV. This i s very large and implies t h a t 
the acceptors responsible f o r 1^, are not the same as 
those responsible f o r the N bands. As f o r previously 
published data on ZnSe, Dean and Merz (4) and Merz e t a l 
(3) found d i s c r e t e p a i r l i n e spectra. They also observed 
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two 1^ l i n e s at 4456 and 4462 £ and two series of S bands. 
They d i d not r e p o r t the observation of the N bands. I i d a 
and Toyama (5) also reported two 1^ l i n e s at 4455 and 
4471 A5 and two d i s t a n t p a i r bands at 4560 and 4590 R 
i n d i c a t i n g two acceptor l e v e l s d i f f e r i n g by 18 meV. Thus 
a wide v a r i e t y of acceptors must be responsible f o r the 
1^ l i n e s and band edge emission i n ZnSe. This c l e a r l y 
suggests t h a t d i f f e r e n t i n v e s t i g a t o r s have d i f f e r e n t 
i m p u r i t i e s i n t h e i r samples. 
In contrast w i t h c r y s t a l s grown using the flow run 
technique or i n excess z i n c , no bound exciton emission was 
found i n c r y s t a l s grown i n excess selenium. Therefore 
there i s no evidence t o associate any excitons at a l l w i t h 
the acceptor w i t h an i o n i z a t i o n energy of 0.095 eV. The 
absence of e x c i t o n l i n e s i n c r y s t a l s grown i n excess 
selenium may w e l l be consistent with the idea t h a t preferen-
t i a l p a i r i n g of donors and acceptors occurs i n c r y s t a l s 
grown i n excess selenium. Bryant et a l (6) have shown 
t h a t such p r e f e r e n t i a l p a i r i n g does occur i n CdS c r y s t a l s 
heated i n excess sulphur. I f p r e f e r e n t i a l p a i r i n g d i d 
occur it«would be reasonable t o assume t h a t bound excitons 
could not form on an acceptor surrounded by cl o s e l y 
neighbouring donors. I n any event Bryant et a l found very 
l i t t l e or no 1^ emission i n samples heated i n excess sulphur 
I f p r e f e r e n t i a l p a i r i n g does occur our r e s u l t s 
should be i n t e r p r e t e d t o i n d i c a t e the presence of two 
acceptors w i t h i o n i z a t i o n energies of 0.112 and 0.122 eV. 
The value of 0.095 eV determined from the N' band would 
o 
i n f a c t , on t h i s i n t e r p r e t a t i o n , be associated with a large 
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c o r r e c t i o n f a c t o r of 0.027 eV t o allow f o r the Coulombic 
i n t e r a c t i o n of the surrounding donors. The conclusion 
would then be t h a t 0.112 eV i s the i o n i z a t i o n energy of 
an unknown f o r e i g n i m p u r i t y while 0.122 eV i s the i o n i z a t i o n 
energy of a na t i v e acceptor. 
8.3 Donor Centres 
In cadmium sulphide the 1^ l i n e has been assigned t o 
the recombination of an exciton bound t o a complex con-
s i s t i n g of a s i n g l y i o n i z a b l e donor composed of a sulphur 
vacancy and a neighbouring s i n g l y i o n i z a b l e acceptor (7). 
S i m i l a r l y the 1^ l i n e i n the emission spectra of ZnSe 
c r y s t a l s can be explained i n the same manner. However 
two d i f f e r e n t 1^ l i n e s were observed i n undoped c r y s t a l s 
grown i n d i f f e r e n t ways, f o r example the 4447 R l i n e 
appeared i n c r y s t a l s grown i n excess zinc, while the l i n e 
appeared at 4442 $ i n flow run c r y s t a l s . This i s s i m i l a r 
t o t h a t observed at 4440 K i n the chl o r i n e doped c r y s t a l s . 
These d i f f e r e n c e s are d i f f i c u l t to explain but i t may be 
t h a t the l i n e at 4447 £ i s associated w i t h a nati v e donor, 
e i t h e r a zinc i n t e r s t i t i a l or a selenium vacancy, while 
the l i n e s a t 4440 and 4442 A* are evidence of chlori n e 
donors e i t h e r as c h l o r i n e i n i s o l a t i o n or i n the same 
donor complex. 
A study of the temperature dependence of the i n t e n -
s i t i e s of the observed three S series of bands of a l l 
the c r y s t a l s , has permitted a c a r e f u l and unambiguous 
i d e n t i f i c a t i o n of the donor centres. The donor binding 
energies were determined by adding a Coulombic energy 
c o r r e c t i o n and only small differences (of the order of 
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3 meV) were found i n the r e s u l t a n t binding energies. The 
conclusion i s t h a t one donor l e v e l i s common t o a l l undoped 
ZnSe c r y s t a l s and t h a t i t i s s i t u a t e d about 32 meV below 
the conduction band. In contrast s l i g h t l y d i f f e r e n t donor 
le v e l s are found i n A l , I n , CI and L i doped c r y s t a l s . The 
donor binding energies f o r the f i r s t three vary from the 
27 t o 29 meV. The l i t h i u m doped samples contain two sets 
of donors w i t h binding energies of 23 and 32 meV. Native 
donors only were found i n the copper doped samples. 
The observation of the very intense I 2 l i n e i n many 
of the undoped and some doped c r y s t a l s indicates the 
presence of many n e u t r a l donors but i t i s d i f f i c u l t t o 
determine whether the same donor i s associated w i t h the p a i r 
band emission. However, i t i s reasonable t o suggest t h a t 
n a t i v e defects such as a selenium vacancy are responsible 
f o r the donor w i t h an i o n i z a t i o n energy of 32 meV i n the 
undoped c r y s t a l s . 
8.4 Deep Centre Luminescence 
The d e l i b e r a t e i n t r o d u c t i o n of p a r t i c u l a r i m p u r i t i e s 
i n the c r y s t a l s gave r i s e t o several closely neighbouring 
red, yellow and green bands w i t h energies w e l l below t h a t 
of the band gap. The o r i g i n of these bands was investigated 
and as a r e s u l t the red and yellow broad bands at 6230, 
5960, 5890 and 5830 8 are i d e n t i f i e d as the emission 
c h a r a c t e r i s t i c of A l , I n , CI and Ga i m p u r i t i e s . Green 
bands w i t h maxima between 5470 t o 5490 8 were also observed 
i n samples doped w i t h group I I I and V I I impurity elements. 
However these green bands together w i t h t h a t observed 
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about 5560 R i n undoped c r y s t a l s grown i n excess selenium 
probably i n d i c a t e the presence of zinc vacancies, so t h a t 
the s e l f - a c t i v a t e d emission at about 5500 fr-may be explained 
i n terms of a t r a n s i t i o n i n which a free e l e c t r o n i n the 
conduction band recombines w i t h a hole at a zinc vacancy 
acceptor. Copper doped c r y s t a l s e x h i b i t e d a green band 
at 5290, together w i t h a red one at 6250 R. These have 
++ + 
been a t t r i b u t e d t o s u b s t i t u t i o n a l Cu and Cu . Further-
more manganese impurity emission was observed w i t h a 
maximum between 6040 and 6060 R under the U.V. e x c i t a t i o n . 
8.5 Suggestions f o r f u r t h e r work 
The studies described i n t h i s thesis go some way 
i n helping t o understand the luminescent t r a n s i t i o n s which 
occur i n ZnSe. However, f u r t h e r experimental work i s 
necessary before a l l the processes can be c l a r i f i e d . For 
example the important d i s c r e t e p a i r l i n e s and two e l e c t r o n 
t r a n s i t i o n s which have been observed at the B e l l Telephone 
Laboratories (3,4,8) have not been observed i n our c r y s t a l s , 
probably because these l i n e s need much more intense e x c i t a -
t i o n , i . e . w i t h an argon ion laser, f o r t h e i r observation. 
I n a d d i t i o n accurate values of the i o n i z a t i o n energies of 
the donors involved i n the d i s t a n t p a i r emission can only 
be obtained by using time resolved spectroscopy. In the 
present work the c a l c u l a t e d magnitude of the Coulombic 
c o r r e c t i o n term i s subject t o s u b s t a n t i a l e r r o r . For 
t h i s reason i t would be i n t e r e s t i n g t o repeat the measure-
ments described here using laser e x c i t a t i o n and the 
techniques of time resolved spectroscopy. Furthermore 
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the e f f e c t of i r r a d i a t i o n w i t h high energy electrons on 
the p a i r bands could be studied w i t h advantage. This 
should allow one t o determine unambiguously whether prefer-
e n t i a l p a i r i n g occurs i n c r y s t a l s grown i n excess selenium. 
I t might also be h e l p f u l to look f o r Anti-Stokes 
processes which would provide a d d i t i o n a l information about 
the l o c a t i o n of l e v e l s w i t h i n the band gap. With b e t t e r 
r e s o l u t i o n the 1^ and 1^ l i n e s may be resolved i n t o more 
components and then Zeeman studies would be e s s e n t i a l i f 
the various exciton l i n e s were to be p o s i t i v e l y i d e n t i f i e d . 
I t may also be possible t o observe dif f e r e n c e s i n the 
Zeeman s p l i t t i n g of an exc i t o n l i n e according t o which 
dopant element i s associated w i t h the complex t o which 
the e x c i t o n i s bound. 
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